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ABSTRACT 
InGaN alloys and related quantum structures are of great technological importance 
for the development of visible light emitting devices, motivated by a wide range of 
applications, particularly solid-state lighting. The InxGa1_xN material system pro-
vides continuous emission tuning from the ultraviolet across the visible spectrum by 
changing the In content . InGaN/GaN quantum wells (QW) also provide an efficient 
medium for electroluminescence for use as light emitting diodes. It is well known, 
however, that increasing the In content degrades the internal quantum efficiency of 
these devices , particularly in the green region of the spectrum. These limitations 
must be overcome before efficient all-solid-state lighting can be developed beyond the 
blue-green region using this material system. 
Recently, the application of plasmonic excitations supported by metallic nanos-
tructures has emerged as a promising approach to address this issue. In this work, 
metallic nanoparticles (NPs) and nanostructures that support plasmonic modes are 
engineered to increase the local density of states of the electromagnetic field that 
Vll 
overlaps the QW region. This leads to an enhancement of the spontaneous emis-
sion rate of the QW region mediated by direct coupling into the plasmonic modes 
of the nanostructure. Energy stored in these modes can then scatter efficiently into 
free-space radiation, thereby enhancing the light output intensity. 
The first section of this thesis concerns the enhancement of InGaN/GaN QW 
light emission by utilizing localized surface plasmon resonances (LSPRs) and lattice 
surface modes of metal NP arrays. This work comprises a detailed study of the 
effect of geometry variations of Ag NPs on the LSPR wavelength, and the subsequent 
demonstration of photoluminescence intensity enhancement by Ag NPs in the vicinity 
of InGaN multiple QWs. The second section of this thesis concerns the far-field control 
of QW emission utilizing metallic nanostructures that support plasmonic excitations. 
This includes a study of the dispersion and competing effects of a metallic NP-film 
system, and the demonstration of beam collimation and unidirectional diffraction 
utilizing a similar geometry. These results may find novel applications in the emerging 
field of solid-state smart lighting. 
Vlll 
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Chapter 1 
Introduction 
1 
InGaN/GaN quantum well (QW) structures provide an efficient medium for electro-
luminescence suitable for use in light emitting diodes (LEDs). In theory, the emission 
of InGaN/GaN QWs may be tuned across the entire visible spectrum by varying 
the In content. However, a degradation of the internal quantum efficiency (IQE) of 
these materials results as the In content is increased, due to increased crystal defect 
densities (Lu et al., 2010). This results in limited IQE for devices emitting in the 
green spectral region and beyond. Similarly, other semiconductor material systems 
(e.g, AlGainP) provide efficient light emission in the red spectral region, but their 
IQE also degrades as the emission energy enters the green region of the spectrum. 
This problem is commonly referred to as "the green gap". To address these issues, 
numerous techniques have been proposed, including the use of plasmonic systems for 
light emission efficiency enhancement. 
In the initial reports in this area, Ag metal films have been applied to the near-
field zone of InGaN/GaN multiple quantum well (MQW) light emitters, and have 
shown plasmon-enhanced light emission (Okamoto et al., 2004; Kwon et al., 2008). 
Plasmonic systems provide a high density of optical modes and sub-diffraction limited 
mode volumes, which allow a Purcell-like enhancement of the spontaneous emission 
rate of emitters in its near-field. This technique has also been applied in the context 
of surface enhanced Raman spectroscopy and more in general for the enhancement of 
weak linear and nonlinear optical processes (Biteen et al., 2006; Mertens and Polman, 
2 
2006; Willets and VanDuyne, 2007). 
The first phase of my research has involved the study of highly tunable localized 
surface plasmon resonances (LSPRs) supported by Ag nanoparticle (NP) arrays, and 
their subsequent use for photoluminesence (PL) intensity enhancement when applied 
to InGaN/GaN MQW structures. We were able to achieve an enhancement of 4.8x 
over the background MQW emission through the use of tuned Ag NP arrays sup-
porting lattice surface resonances (Henson et al., 2012). The use of electron-beam 
lithography was a key enabling technology for the study of the plasmonic excitations' 
effect on light emission efficiency enhancement. 
The next phase of my research has focused on extending the capabilities of plas-
monic systems toward nano-scale beam control of InGaN/GaN MQW emission. This 
functionality has potential applications in the areas of "smart lighting", fluorescence 
sensing, and on-chip photonics. First, we studied the optical properties of a metallic 
NP-film system in order to map its plasmonic dispersion properties. Next, a similar 
geometry was employed to demonstrate a variety of beam steering capabilities. These 
include surface normal collimation, off-normal bidirectional beaming, and unidirec-
tional beaming along geometrically tunable directions. 
Chapter 2 
Background 
2.1 Motivations 
3 
Currently, about 20% of the energy consumed in the United States is used for lighting 
applications. As a result, over the past decade the US Department of Energy has 
supported extensive research and development toward the goal of more energy efficient 
lighting sources. One promising candidate in this context is the development of solid 
state lighting (SSL) , based upon LED lamps. The main advantages of LEDs over 
other technologies are wide color tunability, longer lifetimes, digital control for smart 
lighting applications, and more efficient light emission. Due to these properties, LEDs 
have already replaced traditional lamps in many different areas including indicators, 
traffic lights, and displays. More recently, there has been a large drive to develop SSL 
for general, white-light illumination purposes. It is estimated that if SSL were widely 
implemented it has the potential for a minimum of 2 x reduction in lighting energy 
consumption, which translates into savings of about $42 billion/year in electricity 
costs and a reduction of about 100 Megatons/year in C02 emissions (Crawford, 
2009). However, despite great progress toward cheaper and more efficient white-light 
SSL in the recent past, there are still significant technical hurdles that remain to be 
overcome. 
4 
2 .1.1 White Light Generation 
A major challenge of SSL for general illumination is to achieve high efficiencies while 
simultaneously providing high color quality at low cost . The two major approaches 
that are being pursued are illustrated in Fig. 2·1. 
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Figure 2 ·1: Approaches to solid state white light generation: a) blue 
LED and phosphor downconversion and b) red, green, and blue LEDs. 
In the first approach (Fig. 2·1(a)) , a blue LED is utilized to excite a phosphor 
which broadly downconverts some of the blue light across the visible spectrum so 
that the overall color response is white. In early white LEDs, the emitted light 
featured a correlated color temperature ( CCT) of a cool white ( 4000-8000 K) (Krames 
et al., 2007). However , due to advances in phosphor technology, CCTs have recently 
been pushed to 2700-3600 K, which is comparable to that of most incandescent light 
bulbs. One major advantage of this approach is that it is relatively straightforward, 
however the color temperature is fixed, and there is an intrinsic energy loss in the 
downconversion process that limits the overall efficiency of this technique. 
The second method of white light generation (Fig. 2·1 (b)) involves utilizing sepa-
rate red, green, and blue LEDs in a multi-chip configuration. This method does not 
have the inherent inefficiencies associated with phosphor downconversion, and has 
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the additional advantage of color tunability by driving each color component sepa-
rately. The main drawbacks of this method are increased manufacturing complexity 
and the present lack of sufficiently efficient emitters in the yellow-green region of the 
spectrum. 
2.1.2 Smart Lighting 
In addition to providing a more efficient source for general illumination, SSL is also 
being considered for indoor networking applications, owing to the relatively high 
modulation speed of LEDs. This technology has the potential to satisfy the increasing 
demand for mobile bandwidth as an additional communication modality to WiFi. 
Another advantage of smart lighting is that it can also provide a higher level of security 
compared to RF-based communications due to restrictions on communication to line 
of sight. 
2.2 Theoretical Background 
2.2.1 Properties of LEDs 
LEDs are composed of a semiconductor p-n junction where electrons and holes in-
jected into the n and p regions can recombine with one another, resulting in the 
emission of photons. The energy band diagram of a representative MQW LED is 
shown in Fig. 2·2. 
The application of a forward bias across the LED lowers the potential barrier 
between the n and p sides, and therefore allows electrons and holes to diffuse more 
readily into the active region where they can efficiently recombine. Quantum confined 
structures are frequently used within the active region in order to increase carrier 
overlap resulting in enhanced recombination. The use of these structures also allows 
for effective tuning of the emitted photon energy through the alloy composition and 
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Figure 2·2: A doped semiconductor heterostructure (Schubert , 2006). 
size of the quantum well, wire, or dot. The current equation of an ideal diode , known 
as the Shockley Equation, is: 
(2.1) 
where I is the diode current, I s is the reverse bias saturation current, VD is the voltage 
across the diode, Vr = kT / q is the thermal voltage, and n is the ideality factor (Sze 
and Ng, 2007). Additionally, Is can be written as 
(2.2) 
where D x are the minority carrier diffusion coefficients, L x are the minority carrier 
diffusion lengths, and n and p are the minority carrier concentrations. The charac-
teristic current-voltage (I-V) curve for I s = 10-12 A and vt = 26m V (i.e. at room 
temperature) is shown in Fig. 2·3 for a Si-based semiconductor diode. The model 
described by Eqs. (2.1) and (2.2) takes into account current due to drift , diffusion, 
and thermal recombination-generation. The 1-V characteristics of a real diode can de-
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Figure 2·3: Ideal diode I-V characteristic curve. 
viate from this model due to several factors . Specifically, these include the resistance 
of the ohmic contacts made to the diode, the breakdown behavior at high reverse 
currents, recombination due to defects and surface trap states, and optical generation 
and recombination that occurs in the depletion region. 
The various recombination processes just mentioned are illustrated schematically 
in Fig. 2·4. Recombination due to defects and impurities, termed Shockley-Reed-
Hall (SRH) recombination (Fig. 2·4(a)) , is highly temperature dependent , and is the 
dominant recombination pathway at low injection current. The probability of this 
process depends linearly on carrier concentration N. In the intrinsic region, where 
N = n = p = ni, this can be expressed as 
N 
RsRH = = AN, 
Tp +Tn 
(2.3) 
where Tn and Tp are the electron and hole capture times. 
At higher injection currents, when most defect states are filled , the dominant 
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Figure 2 ·4: Recombination mechanisms in semiconductors: a) SRH 
recombination, b) radiative recombination, and c) Auger recombina-
tion. 
recombination pathway becomes radiative recombination (Fig. 2·4(b)). Radiative 
recombination involves interband electronic transitions, whereby an electron in the 
conduction band recombines with a hole in the valence band, resulting in the emission 
of a photon. The radiative recombination rate can be expressed by the equation 
Rrad = Bnp = BN2 , (2.4) 
where the coefficient B is known as the bimolecular recombination coefficient. 
In the case of very high drive currents, where the carrier density in the active region 
is high, a process termed Auger recombination (Fig. 2·4(c)) becomes important. This 
process involves the recombination of an electron in the conduction band with a hole in 
the valence band, and the simultaneous exitation of a third particle, either an electron 
or hole. Instead of a photon being emitted as in the case of radiative recombination, 
an electron in the conduction band moves to a higher energy state, or a hole in the 
valence band moves to a lower energy state. The energy of this transition is equal to 
the energy of the initial electron-hole pair transition so that the total energy of the 
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system is conserved. In the intrinsic region, this process occurs at a rate 
(2.5) 
Additional, non-radiative recombination can occur at the surfaces of the crystal 
where the lattice periodicity is abruptly broken. This results in atoms on the face 
of the crystal that act as trap centers for the injected carriers. The rate of this 
recombination process is linear with carrier concentration and depends upon the diode 
volume (V) and surface area (SA) according to the equation 
SA N 
Rs = - --=---~ V v- 1 +v- 1 p n 
(2.6) 
where Vp and Vn are the surface recombination velocities of holes and electrons. 
For efficient LED operation, it is desirable to maximize the radiative recombination 
rate, and minimize the non-radiative recombination rates. The common figure of 
merit used to assess the balance between the different recombination processes is the 
internal quantum efficiency (IQE), which is defined as 
JQE = /rad ' 
/rad + /non-rad 
(2.7) 
where rrad and rnon-rad are the radiative and total non-radiative recombination rates, 
respectively. One can combine the above equations to determine how the IQE varies 
with carrier concentration: 
BN2 
IQE = AN+ B N 2 + C N 3 (2.8) 
For InGaN/GaN quantum wells, typical values of the relevant coefficients are 
A = 2 * 107 s - 1 B = 5 * 10-11 cm3 s-1 C = 7 * 10-30 cm6 s-1 (David and Grundmann 
' ' ' 
2010). The resulting IQE is plotted as a function of carrier density N in Fig. 2·5, 
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which illustrates that at low and high carrier concentrations IQE is low due to SRH 
recombination and Auger recombination, respectively. Only at some intermediate 
carrier concentration does the IQE approach an optimal value. The decrease in IQE at 
high currents is one of the major problems that must be overcome for the widespread 
adoption of SSL, and is a significant contributing factor to the well-known efficiency 
"droop" of LEDs. 
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Figure 2 ·5: IQE variations with carrier concentration. 
While a major focus of this thesis is to improve the IQE of LED active materials, 
there are other factors that affect the overall "wall-plug" efficiency of the device. The 
power conversion efficiency of an LED, Etot (i.e. the output optical power divided by 
the input electrical power) , can be written as a product of four efficiencies (Schubert , 
2006), 
and is illustrated in Fig. 2·6. 
hv 
Etot = Einj EintEext e V, (2 .9) 
The injection efficiency, Einj, quantifies the percentage of injected carriers that are 
able to recombine in the active region. The IQE is defined in this equation as Eint , 
11 
Figure 2 · 6: Breakdown of LED efficiency. 
and is the percentage of carriers that recombine radiatively. The extraction efficiency, 
Eext, quantifies the percentage of generated photons that can escape out of the device. 
This quantity can be calculated for a surface emitting LED from simple considerations 
based on the device geometry as follows 
T 
4n~pt 
Eext = ----=,---------'------=-~T + (1 - Erad)ad + l-4R nopt (2.10) 
where nopt is the refractive index and a is the absorption coefficient of the semicon-
ductor, dis the thickness of the semiconductor region, Tis the transmission coefficient 
for the top interface, and R is the reflection coefficient of the back mirror (Schnitzer 
et al., 1993). In practice, this value can be as high as 85%. The final term in Eq. 2.9 
is the "Joule" efficiency, which relates the energy associated with the injected elec-
tron to the energy of the emitted photon. In other words , this term accounts for 
the mismatch between the energy a carrier was injected with, and the energy of the 
eventual photon emission. 
2.2.2 The III-Nitride Materials System 
III-nitrides are wide and direct-bandgap semiconductors, forming an ideal materials 
system for the development of efficient ultraviolet (UV) and visible LEDs. The three 
polytypes are GaN, AlN and InN, and the most common crystal structure is wurtzite. 
Bulk GaN has a bandgap energy of 3.4 e V at room temperature. This energy can 
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be tuned into the UV by varying the Al-Ga in AlGaN alloys, and across the visible 
region of the spectrum by varing the In-Ga ratio in InGaN. Pure AlN has a bandgap 
energy of 6.2 eV, corresponding to an emission wavelength near 200 nm. AlGaN 
alloys have technological promise for the development of UV LED devices, which 
could replace existing sources for water and air purification systems, and for the 
curing of polymers and adhesives. Pure InN has a bandgap energy of 0.65 eV at 
room temperature, corresponding to a photon emission wavelength of 1.9 ~-tm in the 
near-infrared spectral region. InGaN alloys have technological importance because 
they offer a highly flexible means to white light generation as discussed in Sec. 2.1.1. 
The bandgap energy dependence on alloy composition for the III-nitride materials 
system is shown in Fig. 2·7. 
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Figure 2·7: Energy bandgap versus lattice constant for wurzite III-
nitride, zinc-blende III-phosphide, and zinc-blende III-arsenide semi-
conductor alloy systems employing Al, In, and Ga (Krames et al., 
2007). 
GaN crystals do not exist in nature, and as a result III-nitride films are commonly 
grown on a foreign substrate that is not lattice matched. The typical growth substrate 
is sapphire, due to its wide availability, relatively well-matched hexagonal lattice, and 
ease of handling. Sapphire is also stable at the high temperatures required for the 
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epitaxial growth of (In) ( Al) ( Ga) N material. Due to the large lattice and thermal 
mismatch between sapphire and GaN, thick epitaxial layers are typically grown to 
reduce defect densities near the active region of a light emitting device. 
The main growth techniques for III-nitride films are molecular beam epitaxy 
(MBE) and metalorganic chemical vapor deposition (MOCVD). The MBE growth 
method consists of the atomic layer-by-layer reaction of plasma-activated nitrogen 
and a physical vapor beam of the group-III metal. In contrast, MOCVD utilizes 
chemical precursor gases of trimethylgallium, trimethylalluminium, trimethylindium, 
and N H 3 at high substrate temperatures (1000°C). These gases react on the sub-
strate and form a stable film with the desired material properties (Strite and Morkoc, 
1992). 
Efficient blue, violet, and UV LEDs have been developed that employ GaN-InGaN 
QWs, however, increasing the In concentration to develop green LEDs has been a 
significant challenge. On a related note, AlGainP-based LEDs are efficient emitters at 
red wavelengths, but their emission efficiency also degrades as the emission wavelength 
is pushed towards the green region of the spectrum. This is attributed to the crossover 
from a direct to an indirect fundamental energy bandgap as more Al is incorporated. 
InGaN-based emitters do not suffer from this intrinsic disadvantage, but they have 
important challenges of their own. At higher In concentrations, corresponding to 
emission in the green region of the spectrum, three main effects degrade light emission 
efficiency. 
The first effect is the strong built-in polarizations that arise from the wurtzite 
crystal structure of GaN grown on c-plane sapphire. Specifically, piezoelectric and 
spontaneous polarizations along the crystallographic orientation exists in these ma-
terials, leading to strong intrinsic electrostatic fields in QWs. These fields result in a 
modification of the carrier wavefunctions, reducing the overlap between electrons and 
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holes, therefore decreasing the probability of light emission (DenBaars et al. , 2013). 
This is analogous to having a built-in quantum-confined Stark effect as illustrated in 
Fig. 2·8. 
GaN lnGaN GaN 
Wave Function 
Figure 2·8: Quantum-confined Stark effect in InGaN quantum wells 
(DenBaars et al. , 2013). 
The second effect is the increased strain in the crystal lattice with increasing In 
concentration in alloys grown on GaN templates. This is mainly the result of the large 
difference between InN and GaN tetrahedral radii. The consequences of this are three-
fold. Firstly, increased strain reduces the total amount of In that can be incorporated 
without phase separation, limiting the smallest bandgap energy that can be achieved 
through traditional means (Larche and Cahn, 1987). Secondly, increased strain 
results in an increase in the strength of the built-in polarization fields , exacerbating 
the QCSE within the QWs of the active region. Thirdly, increased strain increases 
the density of material defects that can act as non-radiative recombination centers. 
The third major contributor to decreased light emission efficiency in InGaN alloys 
is related to the precise conditions that are required for growth of high quality epitax-
ial InGaN films. These films require a lower growth temperature than GaN ( approx. 
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500° C versus 750c C) due to the relative instability of the In-N versus Ga-N bond. 
Gallium has a lower mobility at this temperature, resulting in phase separation be-
tween InN and GaN. Additionally, surface-reconstruction induced subsurface stresses 
cause preferential occupation of sites with different atomic radii (atomic ordering), 
which leads to further phase separation of InN and GaN. This behavior negatively 
affects overall film quality and therefore emission efficiency (Doppalapudi et al., 1998; 
Singh et al., 1997). 
Recent developments of LEDs grown on semi and non-polar (m-plane) substrates 
have shown a promise for reducing the intrinsic polarization fields. However, in the 
case of non-polar substrates, In incorporation has been shown to be 2 to 3 times less 
than in the c-plane, reducing the ability to achieve a lower bandgap energy (Yamada 
et al., 2008). LEDs grown on semi-polar [1122] substrates show similar In incorpora-
tion as those grown on the c-plane, with acceptably lower levels of piezoelectric fields , 
and a higher efficiency emission into the green wavelength region (Sa to et al., 2007). 
Since GaN crystals do not exist in nature, they must be synthesized. The most 
common method for doing this is to first grow thick GaN templates using, for example, 
hydride vapor phase epitaxy (HYPE), which are then sliced at an angle corresponding 
to the desired crystal orientation. GaN is then grown on the resulting crystal interface 
(Fujito et al., 2008). Due to the complexity of this procedure, these substrates remain 
small and costly, limiting their commercial viability. 
Additional techniques have been investigated to reduce material strain in InGaN 
alloys. These techniques include utilizing better lattice-matched substrates such as 
ZnO or lower dimensional quantum wire and quantum dot structures that provide 
lateral strain relaxation (Kobayashi et al. , 2006; Li and Waag, 2012). These are both 
promising avenues to address the issues of strain that affect In incorporation and light 
emission efficiency. 
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An alternative technique that has shown promise in recent years for the efficiency 
enhancement of a wide range of light emitters has been the application of metallic 
nanostructures that support plasmonic resonances (Schuller et al. , 2010; Novotny 
and van Hulst , 2011). This technique does not depend on any intrinsic properties of 
the light emitting materials system, but instead relies on increasing the likelihood of 
spontaneous emission by controlling the optical density of states (Novotny and Hecht , 
2006). This approach was first applied to enhance the emission of InGaN/GaN QWs 
in 2004 based upon the geometry shown in Fig. 2·9 (Okamoto et al., 2004). However, 
the use of a simple metal film in this geometry severely limited its reproducible 
applicability to light emitters of arbitrary output wavelength. 
Metal film 
Emission 
Excitation 
OW 
GaN 
Sapphire 
substrate 
Figure 2 ·9: Diagram of SPP-enhanced InGaN/GaN QW device ge-
ometry (Okamoto et al., 2004). 
A similar approach, involving geometrically tunable metallic NPs, is explored in 
this thesis as an avenue for spontaneous emission efficiency enhancement and control 
of the far field radiation profile of near-green InGaN/GaN QW light emitters. Since 
this approach does not depend on any intrinsic material properties, it can be tuned 
to match the QW emission over a wide wavelength range through the selection of 
17 
appropriate metals and nanostructure geometries. 
2.2.3 Optical Properties of Metals 
Materials classified as metals have the distinctive property of an abundance of free 
electrons in their conduction band. Due to this abundance of free, delocalized carriers 
distributed across the entire solid, the optical response of many metals (the noble 
metals in particular) can be described by a plasma model. At low frequencies their 
permittivity, Em , is very large and negative, meaning that the free electrons are able 
to respond nearly instantaneously and reflect any incoming radiation. At optical 
frequencies , however , as I Em I approaches 0 the response of these free electrons is 
damped. This very basic picture is associated with the Drucie model, where the 
metal bulk is idealized as a lattice of fixed positively charged ions with electrons 
allowed to move freely throughout the material (illustrated in Fig. 2·10). 
+ 
+ 
+ 
Figure 2·10: Drucie model- free electrons scatter ballistically between 
fixed positively charged ions. 
This model neglects any long-range interaction between electrons and positive 
ions, and only considers ballistic collisions that occur with a characteristic rate 1 , 
or collision time T = , - 1 . The motion of the electron gas is then modeled with 
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Newtonian mechanics. Assuming a time-harmonic dependence of the external electric 
field excitation, this behavior can be described with the following equation of motion 
ox 82x ..... 
m1-+m-=-eE 8t 8t2 
(2.11a) 
e ..... 
x(t) = ( 2 . )E(t). m w +qw (2.11b) 
The collective response of the displaced electrons contribute to the macroscopic 
polarization density J5 = -nex, 
..... ne2 ..... 
P =- E(t). 
m(w2 + i1w) (2.12) 
Substituting this expression into the constitutive relation between E and i5 gives 
2 
..... wP ..... 
D = Eo ( 1 - 2 . ) E, W +~/W (2.13) 
where w2 = ne2 is the plasma frequency of the electron gas, below which light is P Eom 
reflected and above which light is allowed to transmit through the metal. This results 
in the compact expression for the permittivity of the free electron gas (Saleh and 
Teich, 2007) 
w2 
Em = 1 - -----,---=.P __ 
w2 + i1w 
(2.14) 
Since the electrons in real metals only approximate free electrons, corrections to 
this model are required. The most typical modification in the optical frequency 
regime is to incorporate the effect of interband absorption. A comparison between 
experimentally measured permittivity values for Au and a fit to the Drude model is 
shown in Fig. 2·11. 
Interband transitions correspond to absorption resonances that can be modeled 
with Lorentzian corrections to the Drude model. The Lorentz model describes the 
electrons responsible for these interband absorption resonances as bound to a partie-
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Figure 2·11: Comparison between the real and imaginary parts of 
the permittivity of Au determined experimentally (symbols) and fitted 
with the Drude model (smooth curve) (Maier, 2007). 
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ular atom, similar to the behavior of a mass on a spring. Eq. (2.11) can be modified 
to incorporate this effect as follows 
2 ox 82x ... 
mw0 x + m1 fJt + m fJt 2 = -eE (2.15a) 
ne2 ... 
P = -nex = E m(w~- w2 - i1w) (2.15b) 
If we allow for several absorption resonances with different frequencies ( wj), different 
damping rates (ij), and different oscillator strengths (fj), in addition to the free 
electrons, the end result is the following equation for the metal permittivity 
w2 f 
E = 1 - P + w2 "'"' j . 
m w2 + i"~W p 6 W2 - W · - i"~ ·W 
I j J J I] 
(2.16) 
For real metals the parameters wp, Wj, fj, and 1 are fit to measured experimental 
data, leading to a very accurate method for representing the permittivity of metals 
at optical frequencies (Saleh and Teich, 2007). To illustrate, in Fig. 2·12 we show 
the complex permittivities of Au and Ag at optical energies. The metal parameters 
are taken from experimentally derived values found in (Rakic et al. , 1998) , and fits 
are generated using the Lorentz-Drude model (and a second model beyond the scope 
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Figure 2·12: Ag and Au permittivities (real and imaginary) as a func-
tion of photon energy (Rakic et al. , 1998). 
of this discussion). 
Au behaves very similar to an ideal Drude metal at low energies, with strong 
interband absorption in the green and blue regions of the spectrum (> 1.5eV) that 
are well-handled by the Lorentz corrections. On the other hand, Ag is a more ideal 
metal, and the Drude term dominates its response across the visible region of the 
spectrum. In conjunction with its lower losses (signified by lower Er2 ) at optical 
frequencies , Ag is an excellent material for plasmonic applications. 
2.2.4 Maxwell's Equations 
There are two basic types of plasmonic excitations that were used throughout this 
work, namely surface plasmon polaritons (SPPs) at the interface between a metal 
film and a dieletric, and localized surface plamson resonances (LSPRs) of metallic 
NPs. Their discussion below is grounded by starting with Maxwell 's equations in 
their most general form, from which the wave equation and Helmholtz equation are 
derived. The Helmholtz equation significantly simplifies the derivation of SPP modes 
21 
where monochromatic light is assumed. Our starting point is Maxwell's equations: 
V · D=p 
"V·B=O 
_. oB 
VxE=--ot 
-- -- af) 
VxH=J+ ot 
(2.17a) 
(2.17b) 
(2.17c) 
(2.17d) 
where E is the electric field vector, jj = EE, p is the density of free charge, B 
is the magnetic field vector, fi = ~' J the free current density, p, is the medium 
permeability, and E is the medium permittivity (Saleh and Teich, 2007). For our 
purposes we can neglect free-charge and current terms so that p = J = 0 and assume 
a non-magnetic medium with p, = P,o (the permeability of free space) . When this is 
the case, equations (2.17c) and (2.17d) can be combined to derive the wave equation 
(2 .18) 
where P,oEo = c 2. If we assume a harmonic time dependence, where E(r, t) 
Re[E(r')eiwt], the wave equation can be simplified into the Helmholtz equation: 
(2.19) 
where k = wnjc and n = ylf.. 
2.2.5 Surface Plasmon Polaritons 
Next we use the Helmholtz equation to derive an exact expression for harmonic elec-
tromagnetic waves guided at the boundary between two media. We are interested in 
the specific case where one of the materials is a metal, i.e. with Re[E] < 0, while the 
other is a dielectric with Re[E] > 0. In this case, such guided modes exist and consist 
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of the aforementioned SPPs. 
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Figure 2·13: SPP mode profile and analytical dispersion relation at a 
Ag-GaN interface. 
The following derivation is presented in greater detail in (Maier, 2007). In the 
simple case of a 2D system (Fig. 2·13) consisting of one metal and one dielectric half-
space separated by a planar interface, the electric field of any wave guided along the 
interface has the form 
(2.20) 
where i: is the direction of propagation and (3 = kx the propagation constant. This 
expression allows the Helmholtz equation to be recast as follows 
(2.21) 
where k0 = kjn. 
This is the general form of the equation used for calculating the modes supported 
by a waveguide. The next step is to ensure that the curl equations of (2.17a), (2.17b), 
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(2.17c), (2.17d) are consistent for the components of E and fi which leads to 
where we have used gx = i(3 and gy = 0 in the system at hand. 
(2.22a) 
(2.22b) 
(2 .22c) 
(2.22d) 
(2.22e) 
(2.22f) 
The propagating wave can then be broken down into TE and TM components. It 
can be shown from the above equations that TE solutions do not exist for waves that 
evanescently decay away from the metal-dielectric interface. Because of this , a fun-
damental property of SPPs is that they are always TM polarized. Equations (2.22a) , 
(2.22b) , and (2.22c) determine the solution for the individual field components of the 
SPP modes, which are 
Hy(z) = Ade-kdz 
1 Ex(z) = iAd--e-kdz 
WEoEd 
Ez(z ) = -Ad_ (3 _ e- kdz 
WEoEd 
Hy( z ) = Amekmz 
. 1 Ex(z) = -~Am--ekmz 
WEoEm 
Ez(z ) = -Am_(3_ekmz 
WEoEm 
z > 0 (2.23) 
z < 0 (2 .24) 
Applying continuity of the components of E(z) and H(z) across the boundary be-
tween the two materials allows determining the proportionality constants Am and Ad. 
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Furthermore it results in a relation between the evanescent decay constants kd and 
(2.25) 
Finally, the solutions must also satisfy the momentum-matching condition for each 
region as derived from the Helmholtz equation 
(2.26) 
Combining the above equations (2.25), (2.26) results in the dispersion relation of the 
SPPs 
(3 = ko (2.27) 
Since Re[Em] < 0 and (3 > 0, equations (2.25) and (2.26) confirm that kd and km 
must be real. As a result, E(z) is evanescent along the z direction. Because of this 
evanescent nature, SPPs exhibit extremely high field concentration and are strongly 
confined to the interface of the two materials as they propagate. The SPP dispersion 
for the specific case of the GaN / Ag inteface is shown in Fig. 2·13 as calculated from 
Equation (2.27) using a Lorentz-Drude model for Ag and a fixed refractive index for 
GaN. 
One feature made evident in this figure is that the SPP dispersion (black line) 
resides below the light line (red line) of either medium. As a result , SPPs cannot 
interact directly with radiation. Additional in-plane momentum is required to excite 
these modes with a propagating wave in free space. This momentum may be supplied 
by a grating, externally incident evanescent modes of the proper wavevector, or by 
radiating dipoles located in the SPP near-field. 
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2.2.6 Multilayer Metallo-dielectric Systems 
The Helmholtz equation can also be applied to more complex systems, including 
multilayer metallo-dielectric stacks. In this section, an insulator-metal-insulator (IMI) 
waveguide will be discussed, as depicted in Fig. 2·14. 
l 
X 
Figure 2·14: Odd SPP mode profile of a Ag film (a = 10 nm) sur-
rounded by GaN with analytically calculated dispersion relation. 
The modes supported by this structure are potentially useful for applications 
where high field confinement and low loss are required. Additionally, since these 
modes span the entire thickness of the structure, they facilitate the interaction be-
tween emission from an active region in the substrate, and an out-coupling element 
above the metal film. This basic idea has been used in my work on plasmonic beam 
steering as described in Sec. 4.5 below. 
When the metal film is very thick, the geometry of Fig. 2·14 can be treated as 
two isolated SPP waveguides on the insulator-metal and metal-insulator interfaces. 
When the metal film becomes thin, these two modes begin to overlap and couple to 
one another. The TM modes supported by this structure can be calculated by first 
solving the relevant equations in each of the three different regions, separately. The 
following abridged derivation of these modes closely follows that of (Maier, 2007). 
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Hy( z ) = Ae-k3z 
Ex(z ) = iA-1-k3eif3xe- k3z 
WEoE3 
Ez(z ) = -A-f3-eif3xe-k3z 
WEoE3 
Hy( z ) = Cekl z + De-klz 
Ex(z ) = -iC-1-kleklz + iD-1-kleiflxe -klz 
WEo E1 WEoE 1 
Ez(z ) = C-13- ek1z + D-13- e-k1z 
WEoE1 WEoE1 
Hy( z ) = B ek2 z 
1 Ex(z ) = -iB--k2ek2 z 
WEoE2 
Ez(z) = -B-13- ek2 z 
WEoE2 
z > a (2.28) 
-a< z <a (2.29) 
z <-a (2.30) 
The fields Hy and Ex must satisfy the requirement of continuity at the boundaries 
(z =a, z = -a), and the momentum matching condition must also be satisfied: 
(2.31) 
fori= 1, 2, 3 corresponding to each region depicted in Fig. 2·14. These requirements 
result in a system of linear equations , whose solution is the SPP dispersion relation 
that relates f3 and w: 
(2.32) 
In the case where the metal film is surrounded by two identical dielect ric regions, 
(i.e. E2 = c3 ), the dispersion relation can be split into two equations , corresponding 
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to "even" and "odd" SPP modes: 
(2.33a) 
(2.33b) 
The important conclusion of this analysis is that the coupling between the two isolated 
SPP modes across the metal film results in their hybridization, and a consequent 
splitting of their energies. The resulting energies can be calculated as: 
Wp 2E2e-2f'a (2.34a) w+ = 1+ ~ 1 + E2 
Wp 1-
2E2e-21'a (2.34b) w = 
- ~ 1 + E2 
The odd modes, associated with w+ , have the properties of reduced propagation 
losses and lower field confinement as the metal film thickness is decreased. On the 
other hand, the even modes, associated with w_, feature higher propagation losses 
and higher field confinement. The losses of these modes in this analytical treatment 
are determined entirely by the degree of field overlap with the absorptive metal region. 
This structure is studied in subsequent sections of this thesis, where its interaction 
with a nearby NP array is considered, and has favorable properties to guide and 
outcouple SPPs generated by an active region located within the metal surface near-
field. 
2.2.7 Localized Surface Plasmon Resonances 
LSPRs are collective surface charge oscillations that can occur in a geometrically 
bounded system that supports SPPs, e.g. a metal sphere. In the case of a harmonic 
plane wave incident upon a metal sphere with diameter much smaller than the wave-
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length of light (Fig. 2·15) , charge oscillations are excited. If these oscillations are in 
phase with the incident plane wave, a LSPR occurs. 
Figure 2·15: Illustration of a plane wave exciting surface charge os-
cillations in a metallic nanoparticle. 
More simply, in the case of a static, homogeneous electric field Eext!i applied to 
a metal sphere (quasi-static approximation, where the radius is much less than >-.) , a 
force is exerted on the electrons in the sphere such that they undergo a displacement, 
x. This results in a negative surface charge concentration of nex on one side of the 
body (where n is the electron volume density), and an equal and opposite surface 
charge concentration on the other. When the static field is removed, the electrons 
will be accelerated toward the positively charged surface, and oscillate back and forth 
about their initial positions. For a single electron this behavior can be described with 
the following equation of motion 
(2.35) 
where Ex is the electric field generated by the displaced charge. 
For a sphere much smaller than the wavelength, the field Ex depends on the 
(uniform) polarization field Px of the particle as Ex = -;~x . Inserting this expression 
into the above equation results in: 
82x Px 
m 8t2 = e3E0 ' 
(2.36) 
and since Px = -nex due to the displacement of the electrons, this becomes: 
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82x ne2 
-+--x=O. 8t2 3mE0 
(2.37) 
We note that the second term in this equation is proportional to the square of the 
plasma frequency of the metal, Wp = yfiiif (Greffet, 2012). Eq. (2.37) describes a 
harmonic oscillator, and the description of LSPRs can largely be treated as such for 
all subsequent work of this thesis. 
One key point of interest here is that the resonance frequency in general depends 
on the restoring force acting on the displaced electrons, which in turn depends on 
the density of such electrons and their distance from the oppositely charged surface. 
For example, in the case of a cylinder excited by an electric field paralle to its planar 
surfaces, when the diameter increases, the amount of displaced charge and the charge 
separation both increase. The charge separation has a larger impact upon the reso-
nance frequency, and the resonance therefore red-shifts. If one were to increase the 
cylinder height, however, one could increase the amount of displaced charge, while 
maintaining a fixed charge separation, leading to a blue-shift of the resonance. 
In the simple case of a metal sphere, the polarizability may also be calculated 
analytically via a solution of Laplace's equation. This problem is solved rigorously in 
(Jackson, 1998). From this derivation, the polarizability of the sphere is computed as 
(2.38) 
where E is the permittivity of the surrounding dielectric medium, Ern is the permit-
tivity of the metal, and a is the radius of the sphere. This expression approaches a 
singularity at the Frohlich condition 
Re[e(w)] = -2Ern, (2.39) 
which gives the frequency of the characteristic LSP resonance, whose oscillation am-
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plitude is limited by the metal losses accounted for in the imaginary part of the metal 
permittivity. 
A plane wave incident upon this sphere induces a dipole moment, which leads to 
scattering of the plane wave. If the sphere is much smaller than the wavelength, the 
scattered fields may be approximated as radiation from a point dipole. From these 
fields , the scattering and absorption cross sections may be calculated as 
(2.40) 
Ca = klm[a], (2.41) 
where k is the wave vector in the dielectric medium. It should be noted that both 
cross-sections can exceed the physical size of the sphere by large factors. This prop-
erty is utilized in applications where strong scattering is desirable. Additionally, the 
scattering and absorption cross-sections of metallic NPs are strongly dependent upon 
the particle size. In particular, Cs and Ca are proportional to a6 and a3 , respectively, 
so that their ratio C5 /Ca increases with increasing NP size. Therefore, the use of 
relatively large NPs is favorable when absorption losses in the metal are detrimental. 
2.2.8 Inter-particle coupling 
In addition to particle size, material composition, and surrounding dielectric environ-
ment, ensembles of NPs introduce additional degrees of freedom to tune the collective 
LSPR. When excited by an EM wave, an individual NP re-radiates a scattered wave 
in proportion to its dipole moment, which can be very strong if within the LSPR line-
shape. The net field that drives each NP LSPR is therefore the sum of the incident 
field plus the radiation scattered by all the other NPs in the ensemble. An effective 
polarizability a* can be defined for each NP that takes into account the polarizability 
of the isolated particle a and a scattering factor S that accounts for the interaction 
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with the ensemble defined as: 
* 1 a=---
1/a- S (2.42) 
The scattering factor is only dependent upon array geometry, and in the case of a 
normally incident plane wave on a square periodic array of NPs, this factor becomes: 
(2.43) 
where 0 is the in-plane angle between adjacent NPs, N is the NP index, and rN is 
the location of each dipole in the array (Auguie and Barnes, 2008). The poles of this 
equation are defined by interplay between the polarizability of the individual particle 
and the scattering interaction of the rest of the ensemble. The extinction cross section 
a ext, which is proportional to klm[a], which illustrates this interaction is plotted in 
Fig 2·16. 
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Figure 2·16: Calculated NP extinction cross section for an ellipsoidal 
particle (semiaxes: a = 60 nm, b = 40 nm, c = 15 nm, surrounding 
medium: n = 1.46, incident light polarized along array axis). The 
dotted green curve is for an isolated NP, and the solid red curve is for 
a particle in an array with an index-period product of 779 nm (Auguie 
and Barnes, 2008). 
The array scattering factor is an additional degree of freedom that allows strong, 
collective, resonant interaction at a wavelength determined by the period and refrac-
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tive index of the array, with the loose condition that this feature must occur within 
the LSPR linewidth. This effect is utilized in Sec. 4.3 in order to enhance the strength 
of the NP ensemble resonance at a wavelength where an optical energy transition of 
a QW is located. In this case, the NP size can be large, ensuring a large scattering 
cross section, while the peak of the ensemble resonance can be tuned by the array 
period to be coincident with the QW emission wavelength. 
2.2.9 Spontaneous Emission Enhancement 
Spontaneous emission is a fundamentally a quantum mechanical process. As the term 
implies, this process occurs randomly, but can be quantified by an average rate. In 
the case of electron-hole pair recombination in semiconductors in equilibrium, the 
radiative recombination rate is equal to the generation rate through the absorption 
of photons, resulting in a net-zero photon output. 
Light emission in semiconductors can be modeled as the interaction between the 
electronic states of a two-level system and the electromagnetic field. The probability 
of spontaneous emission resulting from this interaction can be calculated using Fermi's 
Golden Rule as in (Barnes, 1998): 
(2.44) 
where H~2 is the matrix element of the interaction Hamiltonian, fiwk is the energy 
of a photon of wavevector k, and nph is the number of photons per state, which is 
governed by Bose-Einstein statistics. From this equation, the spontaneous emission 
probability can be written as the product of two independent terms: 
(2.45) 
where the second term corresponds to the density of states of the electromagnetic 
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field. This quantity (also called the local density of states, LDOS) is the number of 
unique electromagnetic modes at a particular energy per unit volume of the medium 
per unit energy. The volume occupied by each state in k-space for an isotropically 
periodic wave function is Vf = e_Z) 3 . The dispersion relation relates the photon 
energy to the allowed wavevector in the material and is given by wk- = kc, where nr 
nr 
is the refractive index of the medium and c is the speed of light in vacuum. Since 
the allowed values of k are typically closely spaced to one another, the summation 
in Eq. (2.44) can be converted into an integral. If we define a differential volume in 
k-space, 
fik 
(2n-j £) 3 (2.46) 
where an is the differential solid angle, the number of states with photon energy 
E 21 = E2 - E1 , per unit volume per unit energy can be expressed as: 
(2.47) 
where Ek = fikc/nr from the aforementioned dispersion relation. If this integral is 
calculated over the full solid angle the end result is 
(2.48) 
From this expression we can see that the LDOS, and therefore the spontaneous emis-
sion rate of Eq. (2.45) can be modified through a change in the material refractive 
index, nr. 
In the above derivation, the refractive index was assumed to be constant with 
photon energy, however in general this may not be the case. The local refractive 
. index is modified in the case of emitters located within cavities, waveguides, and 
near interfaces. Under these conditions, the notion of a constant refractive index 
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breaks down and the dispersion relation of the electromagnetic field must be taken 
into account, particularly in the modification of Wf = kc0 /nr where nr becomes nr(w). 
In other words, nr = 8kc0 / 8w for any given photon energy. The density of states 
of Eq. (2.48) can therefore be modified to take into account the dispersion of the 
electromagnetic field at the location of the two-level system, as follows: 
( 8k 3 E~1 p(E2I) = 87r 8w) h3 
( 8k)3 r21 ex 8w 
(2.49a) 
(2.49b) 
This effect was first experimentally observed at radio frequencies (Purcell, 1946). 
The enhancement of spontaneous emission from an emitter in a cavity, compared to 
that of the same emitter in free space, was determined to be proportional to the 
quality factor of the cavity Q = ;;_v, and inversely proportional to the cavity volume 
V. Specifically, the enhancement factor is given by 
(2.50) 
The density of states can also be described from a classical perspective based on 
the interaction of a point dipole and its emission with the surrounding environment. 
This approach involves the use of dyadic Green's functions (G), with p ex Jm[G]. In 
this framework the electric field at an observation point r is: 
2 
E(T) = w 2G(r, To, w)p 
EoC 
(2.51) 
where pis the dipole moment and To the dipole location. The density of states can 
then be readily determined from the local fields excited by an isotropic emitter at the 
emitter location (Novotny and van Hulst, 2011). 
For example, consider the case of a dipole placed near a planar interface. Some 
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reflection of the initial emission interacts with the dipole, modifying its radiation 
characteristics, both in its far-field pattern, and overall intensity. Specifically, it can 
be shown that the emission rate then varies sinusoidally with dipole distance from the 
interface. In the case of a metal film that supports SPPs, a dipole located in the near-
field of the surface will have a strongly enhanced spontaneous emission rate, since the 
effective refractive index (and local density of states) of these modes is higher than 
in the bulk material. This rate enhancement is particularly large at Wspp (the SPP 
resonance in the limit of large k), where the dispersion relation is virtually horizontal, 
(Z~---* oo). 
When working with SPP modes (which have the property of being evanescent 
and TM polarized) it is convenient to break down the dipole emission into a sum of 
evanescent and plane waves. The evanescent components couple very strongly to the 
SPP modes of the film, since their mode overlap is high and momentum matching 
can be achieved. Since SPPs are TM polarized modes, TM oriented dipoles (i.e., 
perpendicular to the interface) couple more strongly than TE dipoles. A plot of the 
resulting dipole output power (either radiated or absorbed in the metal) is shown 
in Fig. 2·17 for an isotropic dipole emitter located above a Ag film in vacuum as 
a function of normalized in-plane wavevector (defined as u = k / k ( w0 )) for different 
distances from the interface (Barnes, 1998). This quantity is proportional to the 
spontaneous emission rate discussed throughout this section. The sharp peak at 
u = 1.06 is the power coupled into the SPP mode. For comparison, u < 1 is the 
region in which radiation escapes into the far-field , and the corresponding output 
power is much lower for all dipole distances. 
The treatment of spontaneous emission enhancement for emitters near metallic 
NPs that support LSPRs is similar to the previous scenario. These resonances act 
like sub-wavelength cavities that modify the density of states at the location of an 
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Figure 2·17: Output power of an isotropic dipole in vacuum near a 
Ag interface as a function of normalized in-plane wavevector. Different 
curves correspond to different distances between the dipole and the 
interface (Barnes, 1998). 
emitting dipole within the LSPR near-field. Analysis of the emission of dipoles near 
these structures can be quite complex, since they lack the translational symmetry of 
metal films. Only in simplified cases, such as a dipole near a metal sphere, do analyt-
ical expressions exist for the localized electromagnetic fields. From this information 
one can calculate the imaginary part of the dyadic Green's function, and then the 
spontaneous emission rate of the dipole. More in general, FDTD calculations can be 
conducted, which allow the determination of the modes of arbitrary geometries. 
In practice, enhanced emission rate manifests itself in a reduction of the lifetime 
of the emitter, and an increase in its IQE. Experimentally we can determine all 
the relevant parameters, including the Purcell-like enhancement factor F, based on 
CW and time-resolved photoluminesence (PL) measurements. In the specific case of 
a semiconductor (e.g., III-nitride light emitters), the room-temperature IQE in the 
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absence of plasmonic nanostructures, 
/rad 
TJ= ' 
/rad + /nrad 
(2.52) 
can be estimated as the ratio of the PL intensity at room temperature divided by the 
PL intensity at cryogenic temperatures. The key assumption behind this procedure 
is that at low temperature all the trap states in the semiconductor are occupied 
so that they do not contribute to recombination. Under these conditions the IQE is 
therefore unity, and any decrease in PL intensity with increasing temperature directly 
reflects an identical decrease in IQE. The enhanced IQE in the presence of plasmonic 
nanostructures can be written as: 
TJI 
F!rad + /nrad 
(2.53) 
Time-resolved PL (TRPL) measurements can be conducted in order to determine 
the total lifetime of each system, ( T and T 1 in the absence and presence of metallic 
nanostructures, respectively) which is inversely proportional to the denominator in 
the corresponding expression for the IQE. The IQE enhancement factor can then be 
determined as follows: 
I F I TJ = /radT 
TJI Tl 
-=F-
TJ T 
(2.54a) 
(2.54b) 
(2.54c) 
Finally, these equations can be further combined to express the enhancement factor 
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F in terms of measured quantities, i.e. , 
1 
'Ynrad = (- - 1 hrad 
TJ 
1 
F"frad + 'Ynrad = 1 
T 
1 T F = -(-- 1)- 1, 
TJ T' 
(2.55a) 
(2.55b) 
(2.55c) 
For example, if we assume TJ = O.l,T = lOOps, and T = 50ps, we obtain a value of 
F = 9 and an IQE enhancement, TJ1 /TJ, of 4.5. Eqs. (2.54b) , (2.54c), and (2.55c) will 
be used to analyze some of our PL data presented in Sec. 4.2. 
2.2.10 Emission Directionality 
Since the dispersion curve of SPPs at a metal-semiconductor interface resides below 
the light line, these modes do not readily couple with free space radiation. Free-
space coupling is crucial for the enhancement of the output light intensity of nearby 
emitters, since energy that has coupled into SPP modes would otherwise be lost to 
ohmic heating within the metal. This ohmic loss is the result of the excitation of 
electrons in the metal to higher states in the conduction band, which then thermalize 
back to equilibrium through the generation of phonons and low energy photons. This 
process ultimately results in heating of the metal and is the prime source of loss for 
plasmonic systems at optical frequencies. 
There are two general methods to couple light into and out of SPP modes, which 
are illustrated in Fig. 2·18. 
The first method employs a prism with a refractive index that is larger than that 
of the dielectric in the metal-dielectric system (Fig. 2·18(a)). This method relies on 
total internal reflection of the incident light inside the prism, which generates an 
evanescent component of the electric field that decays in the region outside, where 
the metal film resides. If the refractive index of the prism is greater than that of 
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a) b) 
Figure 2·18: Different SPP excitation schemes: (a prism coupling and 
b) grating coupling. 
the dielectric at the interface supporting SPPs (i.e., either air on the other side of an 
ultra-thin metal film, or a nano-scale region of low refractive index between the prism 
and the metal film), then this evanescent wave can couple to the SPPs. In particular, 
the momentum matching condition is satisfied for only one in-plane k-vector for each 
angle of incidence, assuming broadband excitation. This in-plane wavevector can be 
varied by changing the angle of incidence according to the SPP dispersion relation. 
The second method involves the use of a grating structure on the metal film 
(Fig. 2·18(b)). We can think of the metal film as a waveguide for SPP modes with a 
unique dispersion relation, and can derive an expression for the condition under which 
light couples into such modes (Chuang, 1995) . We consider a plane wave incident 
upon a periodic grating, with the incident field expressed as: 
(2.56) 
where kxo = ksin(Bi) and kzo = kcos(Bi)· A reflected wave from the structure will 
have the form: 
Er = yEr(x, z ), (2.57) 
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and, for a surface grating with profile z = h(x) , Er this must satisfy the boundary 
condition: 
(2.58) 
Since h( x) is a periodic function of x, we can perform a Fourier expansion of the 
above equation, which gives: 
00 
Er(x, z = h(x )) = Eoeikxox L Ameim(2l'Jz, (2.59) 
m = -oo 
where A is the period of the grating and the constants Am are the Fourier coefficients. 
Solutions of the wave equation in air have the general form eikzz+ikxx, with the mo-
mentum matching condition satisfied (i.e. , k; + k; = w21-£E). The general solution for 
Er(x, z) consistend with with Eq. (2.59) is therefore 
00 
Er(x , z) =Eo L Rmeikzmz+ikxmX (2.60) 
m=-oo 
with kxm = kxo + m ~ and kzm = J W21-£E - k~m. This wave can excite any guided 
mode (including SPPs) propagating near the grating along these directions with prop-
agation constant fJm = kxm· Therefore, the general condition for light coupling into 
the modes of a waveguide via a 1-D grating can be expressed as: 
kxo = konosin(ei) 
27r 
/3m = konosin(Oi) + mA 
(2.61a) 
(2 .61b) 
For 2-D gratings , two diffraction indices are involved and the right-most term in 
Eq. (2.61b) becomes: ( ~: )2 + C;{: )2 . Since the wavelength of SPPs can be very 
short, nano-scale gratings are typically required to couple light into and out of these 
modes. Grating couplers are a mainstay in fiber and on-chip waveguiding applications, 
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offering a very compact method to couple light into and out of guided modes. 
Gratings can also be used to experimentally map out the dispersion relation of 
waveguides. This dispersion mapping technique is illustrated in Fig. 2·19. When il-
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Figure 2·19: Grating-based dispersion mapping technique. A grating 
supplies in-plane momentum to normally incident photons. Photons 
with in-plane momentum matching that of guided SPP modes can cor-
respondingly couple into the structure. 
luminated at normal incidence, so that ()i = 0, the grating provides a fixed amount of 
in-plane momentum (i.e., m~rr) to the incident wave. When this in-plane momentum 
matches that of a guided SPP mode at a given energy (as determined by the disper-
sion relation), photons at that particular energy can couple strongly with that mode. 
The end result is a minimum in the transmission or reflection spectrum of the grat-
ingjwaveguide system at the corresponding wavelength. Varying the grating period 
(or the angle of incidence), and therefore the amount of in-plane momentum of the 
light that couples into the guided modes, results in a shift of the spectral location of 
the minimum. By plotting the energy of such minima against the in-plane wavevector 
supplied by the grating, the dispersion relation can be mapped. This principle will 
be utilized to map out the dispersion curves of a more complex plasmonic system 
(supporting a branching dispersion relation) in a later chapter. 
The inverse process is also explored in this thesis work, where electron-hole pairs 
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recombine directly into the SPP modes of a film, which are then diffractively scat-
tered into the far-field by an adjacent grating. The processes of Purcell enhancement 
and SPP scattering become de-coupled in this case, with control over the far-field 
scattering angle enabled via tuning of the grating period. This offers an avenue to 
separately explore and control spontaneous emission enhancement and beam steering 
functionali ties. 
The idea of beam-steering via diffraction can be further extended by borrowing 
concepts from x-ray scattering in crystallography. For example, it is well known 
that for the body-centered cubic (BCC) crystal lattice, certain crystal planes diffract 
light strongly, whereas other crystal planes do not. This is intimately related to 
the scattering phase associated with these planes. Fig. 2·20 depicts this phenomena, 
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Figure 2·20: Crystallographic X-ray scattering from a BCC crystal. 
where the top and bottom scattering planes have a 27r phase shift, and therefore are in 
phase. However, the plane composed of atoms within the body center of the unit cell 
scatter with 1r phase with respect to the top plane, causing destructive interference, 
and forbidding scattering at this angle (Kittel, 2005). 
X-Ray diffraction from a periodic crystal is well described by Fourier analysis. It 
can be shown that the crystal scattering factor , proportional to the scattered X-Ray 
intensity can be written as: 
fer = F · S, (2.62) 
-- - ----- ---
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where F is the geometrical structure factor and S is the lattice structure factor 
(Omar, 1993). F corresponds to the scattering contribution from each crystal unit 
cell, and is given by 
F = L faj eis-lj, 
j 
(2.63) 
where faJ is the geometrical structure factor of the lh atom in the unit cell , s is 
the wavevector of the scattered radiation and 8J is the position of the lh atom. S 
describes the relative contribution of the periodic diffraction from all the unit cells in 
the lattice: 
S = L eisfil, 
l 
(2.64) 
where R1 is the position of the zth unit cell. It can be shown that for a periodic lattice 
the solution of Sis equivalent to the Bragg scattering condition, which is 2dsin(B) = 
nA where d is the distance between adjacent unit cells. The phase and amplitude 
contribution from the lattice structure parameter will be symmetric. In order to 
achieve asymmetric diffraction (e.g., for the purpose of unidirectional beaming of 
luminescence) , the geometrical structure factor of the individual "atoms", f aJ, must 
therefore be modified. 
In practice for plasmonic systems this can be done in a few different ways. One 
group recently employed two different materials in the unit cell of a periodic NP ar-
ray (Shegai et al. , 2011). Since the LSPRs occurred at two different frequencies , the 
scattering amplitude and phase of the structures varied within the cell. Two different 
metals were chosen so that the amplitude was kept fixed, but the resonance spec-
tral positions were different, resulting in constructive scattering from the elements of 
each unit cell in one off-normal direction, and destructive scattering in the opposite 
direction. This process was used to demonstrate unidirectional scattering of a colli-
mated laser beam, and required a two-step electron beam lithography process, which 
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is challenging to realize in practice. 
More generally, the same effect can also be achieved by employing an asymmetric 
unit cell shape. In photonics, blazed gratings have been utilized for this purpose, 
where the refractive index varies continuously across the unit cell. A similar structure 
in a planar metallic geometry has also been used recently to couple collimated laser 
radiation at normal incidence into asymmetrically propagating SPP modes of a metal 
film (Bai et al., 2009). 
In later work of this thesis, a similar methodology has been employed to asym-
metrically diffract guided SPP modes excited by a nearby active region into narrow, 
off-normal, far-field radiation beams. The basic geometry of this structure is illus-
trated in Fig. 2·21. 
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Figure 2·21: Grating structure producing asymmetric scattering of 
guided SPP modes. 
The optical equivalent of the crystal scattering factor can be computed for these 
systems utilizing the FDTD simulation method, which is the method employed to 
design the structures studied in later chapters. This method is described in more 
detail in the following chapter. 
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Chapter 3 
Methods 
3.1 Modelling Techniques- The Finite Difference Time Do-
main Method 
The finite-difference time-domain (FDTD) method is an extremely versatile method 
to solve Maxwell 's equations for arbitrary structures under various means of exci-
tation. The FDTD simulation method involves a discretization of a two or three 
dimensional simulation region with a cubic grid, known as a "Yee cell" (Yee, 1966) , 
shown in Fig. 3·1. 
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Figure 3·1: FDTD Yee cell (unit cell) of a 3D simulation region 
At each grid point finite difference approximations of the fully-vectorial Maxwell's 
equations are calculated. The main advantage of FDTD over other methods of solv-
ing these equations is that it is an exact method, with its accuracy determined by 
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the spatial resolution of the simulation grid. The spatial resolution required for accu-
rate calculations is dependent upon the variation in the local electromagnetic fields. 
Because of the high field confinement associated with plasmonic excitations, an ex-
tremely fine simulation mesh is typically employed, on the order of 10-3 * ,\ at the 
free-space wavelength of interest. 
The FDTD method explicitly solves the Maxwell-Ampere and Faraday equations 
in differential form at each point in the simulation grid (Atkinson et al., 2009). How-
ever, the partial derivatives are discretized using the central difference approximation: 
~ f(x) = f( x +a)- f(x- a) 
ox 2a (3.1) 
The values of E and jj are computed in a process known as a "leap frog" algorithm, 
where their time derivatives are evaluated on a spatial grid shifted from one another 
corresponding to i, j, k half steps in Eqs. (3.2a) and (3.2b). Expressions for the 
resulting three-dimensional equations ' are exceedingly complex, and for illustrative 
purposes the lD scalar equations are shown here instead, relating E and H at each 
half-step. The equations below solve for E first, but in principle the order can be 
changed, although this would require a re-labeling of the indices. 
En+l/2. _ En-1/ 2 .. Hn Hn 
y ~.J+l/2 ,k y ~.J - l/2,k - z i+l/ 2,J+l / 2,k - z i-1/ 2,j+l/ 2,k 
Ei,J+l/ 2,k i:lt f::lx 
(3 .2a) 
H n+l Hn z i+l / 2,j + l / 2,k - z i+l/ 2,j+l / 2,k 
J.l-i+l / 2,j+ l / 2,k i:lt 
En+ l / 2 n+l / 2 
y i + l / 2 ,j+l/2,k - Ey i ,j + 1/ 2,k 
i:lx 
(3.2b) 
The boundaries of the simulation region are typically defined as either "periodic" 
or "perfectly matched layers" (PML). For periodic boundary conditions, energy leav-
ing the simulation region through the boundary is reintroduced to enter into the 
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simulation region from the opposite boundary. As the name suggests, these bound-
ary conditions are useful for calculating the optical response of periodic structures. 
PML boundaries consist of a series of strongly absorbing layers and are generally 
placed far from the structure or region where one would like to measure the local 
fields. Waves incident upon these layers are completely absorbed and do not interact 
with the objects in the simulation region again. These boundaries effectively simulate 
the condition of having the waves propagate to infinity. 
Common sources of electromagnetic energy used in FDTD simulations include 
the plane-wave source, the total-field scattered-field (TFSF) source, and the dipole 
source. The plane wave source injects into the simulation a linearly polarized plane 
wave pulse containing energy at the frequencies of interest. This source is useful for 
simulating the general optical response of a structure. The TFSF source simulates 
a plane-wave pulse in an internal (total-field) region. However at the boundaries of 
this region, where the spatial derivatives of the fields extend into the exterior region, 
the fields are modified to nullify any contribution of the originally incident plane 
wave. Therefore, the energy leaving the total-field region and entering the exterior 
region is solely the contribution from scattering caused by structures located within 
the total-field region. 
The dipole source is useful for simulating processes that can be optically modeled 
as classical dipoles. These include point-source emitters, for example quantum dots 
or fluorescent molecules. Additionally, the dipole source is useful for determining the 
band structure of photonic crystals and the modes of waveguides, since it has t he 
ability to simultaneously excite a large range of wavevectors. It is important to note 
that periodic boundary conditions dictate that the dipole source will interfere with 
an infinite number of periodically arranged replicas, and the simulated system will 
behave as if it contained a phased array of sources. This can lead to erroneous results, 
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and therefore generally limits the use of this source type to the excitation of modes 
of non-periodic nanostructures. 
The scattering and absorption cross sections of nanostructures such as metallic 
NPs can be calculated using the TFSF source. This configuration is illustrated in 
Fig. 3·2. By placing the structure under study within a box of monitors that record the 
TFSF 
• 
Pab• 
-r--~L 
p sc:at 
Figure 3·2: FDTD calculation of scattering and absorption cross sec-
tions of a metallic NP utilizing the TFSF source. The shaded area 
indicates the "Total Field" region. 
steady-state net power flow into the total-field region, the amount of power absorbed 
by the structure can be calculated. Specifically, this is computed by taking the differ-
ence between the power entering the box and the power leaving the box. Additionally, 
a second box of power monitors can be placed in the exterior (scattered-field) region 
to record the steady-state power flow leaving this box, which is the power scattered 
into the far-field. This method can also be employed to calculate the absorbed power 
associated with light coupling into the modes of a waveguide, and is employed in Sec. 
4.4 to map out the dispersion relations of different plasmonic structures supporting 
in-plane guided modes. 
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The Purcell enhancement factor experienced by an emitter in a cavity can be 
calculated using a similar method. In this method, a dipole source is placed at a 
particular location to represent a localized region where light emission occurs. This 
configuration is illustrated in Fig. 3-3 for the specific case of a point source near a 
metal surface. A box of monitors is placed around the dipole source in order to record 
P'rad 
Figure 3-3: FDTD calculation of the Purcell enhancement factor of a 
dipole source interacting with a structure that supports SPP modes. 
the total power injected into the simulation. The FDTD software treats the dipole 
source as a small antenna with a fixed oscillating current I, with the radiated power 
give by P = ! 2 Rrad (Rrad is the radiation resistance of the antenna). By placing 
the dipole in an inhomogeneous medium, such as near metallic nanostructures that 
support plasmonic excitations, the radiation resistance of the antenna (and therefore 
the total radiated power) can be modified. This is equivalent to modifying the LDOS 
of the EM environment at the location of the antenna, which in this case is computed 
classically by taking into account the phase relationship between the source oscilla-
tions and the back-reflected radiation. Additionally, a second box of monitors whose 
boundaries encompass and are located far away from the entire structure can com-
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pute the amount of power scattered away from the structure into free space. From 
these two quantities a Purcell-like enhancement of the point dipole emission, and 
the efficiency of scattering into radiation can be derived. Furthermore, one can then 
renormalize the IQE equation to calculate the external quantum efficiency (EQE) of 
the system, and the expected efficiency enhancement. 
In optics, diffraction is a powerful technique for controlling the coupling of light 
from one medium to another. Periodic gratings are particularly useful for coupling 
light with a particular in-plane wavevector into the modes of a waveguide, or the 
modes of a waveguide into free space. These structures are readily simulated through 
the use of periodic boundary conditions. As previously mentioned, these boundary 
conditions are incompatible with dipole sources, since such sources interfere with their 
replicas according to the periodicity of the simulation region, leading to inaccurate 
results. Instead, one can compute the far-field radiation profile of a distribution of 
dipole emitters by employing the Lorentz reciprocity theorem (Patton, 2004). 
Figure 3 ·4: FDTD calculation of the far-field radiation pattern. The 
emitted intensity collected at a particular far-field angle is equivalent 
to the intensity on the plane of the emitters, when excited by a plane 
wave from that same direction. 
According to this principle, the relationship between an electromagnetic field and 
its source remains unchanged if the positions of the source and the observer are 
exchanged. This theorem is valid for both absorbing and anisotropic media, but not 
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for nonlinear or gain media. The power radiated by a dipole that interacts with a 
structure and is scattered into the far-field with a particular direction of propagation, 
polarization, and wavelength, is proportional to the power computed at the dipole 
position when the structure is excited by a plane wave with the opposite direction 
of propagation and the same polarization and wavelength. This idea is schematically 
illustrated in Fig. 3·4. By integrating the intensity on the plane of the emitters, their 
total emission into free space at that particular angle, polarization, and wavelength 
can be computed. 
3.2 Fabrication Techniques 
3.2.1 Sample Preparation 
In the majority of the work contained in this thesis, I used InGaN/GaN QW samples 
epitaxially grown on c-plane sapphire substrates, which were provided by the Wide 
Bandgap Semiconductor Group at Boston University. Upon receiving the wafers, 
they are first diced into 5 x 5 mm2 chips for easier handling, and the substrate is then 
polished to reduce light scattering at the back-side surface. The latter step is carried 
out with a South Bay Technology lapping wheel using a 1-f.-Lm diamond polishing disc 
with the samples mounted, substrate-side-down, on a weighted chuck. 
3.2.2 Sample Cleaning 
The individual chips are then successively cleaned and sonicated for one minute in 
each solvent (Acetone, Methanol, Isopropanol). This step removes any adhesive 
residue left over from the lapping process. Wet chemical processing is then con-
ducted to remove any organic and metal residue on chip. A modified "RCA clean" 
process is employed to achieve this. The first step consists of a 1:1:5 volume ratio 
of NH40H: H 20 2 : H20. H20 2 first oxidizes organic contaminants on the surface 
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of the sample that may have remained after the solvent cleaning step. Addition-
ally N H40H is an effective etch for certain heavy metals, particularly Ni and Ag 
used for creating the nanostructures developed in this work. Next, the samples are 
rinsed in De-ionized water, then cleaned in a solution consisting of a 1:1:5 ratio of 
HCl : H 20 2 : H 20. This step removes most other metals and light alkali ions. The 
solution is heated to 70°C, and the sample bath is carried out for 10 minutes. Finally 
the chips are rinsed with de-ionized water, and blown dry with N 2 . It is important to 
note that since GaN and its alloys are extremely resistant to chemical attack, particu-
larly the cleaning steps described above, the same sample can be cleaned and re-used 
indefinitely. At this stage, the chips are now ready for further material processing. A 
general fabrication procedure for creating nanoscale films and NPs on GaN substrates 
is shown in Fig. 3·5. 
1. 2. 3. 
6. 7. 
Figure 3·5: Sample fabrication procedure for the generation of NPs 
and nanoscale fiims. 
3.2.3 Physical Vapor Deposition 
Physical vapor deposition (PVD) is the simplest method for the precise deposition of 
thin films onto a substrate. In this method, the film material is first heated into a 
gaseous form inside a vacuum chamber. The vapor moves across the chamber, coating 
the sides in an upward direction. A substrate placed on the top wall across from the 
source will thus be coated with the evaporated material. A schematic illustration of 
this process is shown in Fig. 3·6 
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Figure 3·6: Electron-beam evaporation chamber used to deposit thin 
films (Xu and Huq, 2005). 
The two primary methods of PVD are thermal and electron-beam evaporation. 
For thermal evaporation, the material to be evaporated is placed into a boat having 
a high melting point, e.g. made of tungsten. The chamber is pumped down to high 
vacuum, and a current is passed through the boat, heating it and the material inside. 
Once the material is hot enough, a shutter is opened to allow the vapor flux to reach 
the sample located on the opposite wall. This approach is the simplest method of 
evaporation, but the materials that can be evaporated are limited by the melting 
point of the boat. 
Electron-beam evaporation is similar to thermal evaporation, but it employs in-
stead a beam of electrons to locally heat the target material. The source crucible is 
held in a water-cooled hearth, and evaporation ideally occurs only where the beam 
strikes the target material, resulting in a point source of material flux. This produces 
an angular dependence of the deposited film thickness across the walls of the vacuum 
chamber. However, the samples used in this work are small enough and far enough 
away that the area coverage is still uniform. 
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For both deposition methods, the evaporation rate is determined by a crystal 
thickness monitor made of quartz. Since quartz is a piezoelectric material, a current 
passed through it will cause it to vibrate at its resonance frequency. When the crystal 
is exposed to the vapor flux during the deposition process, the resonance frequency 
shifts due to a change in the crystal's overall mass. By fitting this change in mass 
to an equation describing the density of the material being evaporated, an accurate 
estimate of the deposited thickness can be measured during the deposition process 
(Ghandi, 1994). 
In the work of this thesis, Ag and Ni films are evaporated using a Sharon electron-
beam evaporator. An Edwards/BOC thermal evaporator is employed for the depo-
sition of ZnS films, since in this case the evaporation rate can be controlled more 
precisely due to a more uniform heating of the ZnS material. 
3.2.4 E-beam Lithography 
Electron beam lithography (EBL) emerged in the late 1970s as a tool for producing 
photolithography masks. In traditional photolithography, the minimum feature size 
is fundamentally limited by the diffraction limit of light. Further progress requires 
the use of shorter-wavelength light, near-field techniques, or interference effects to 
achieve smaller feature sizes. Each one of these techniques have either cost, scale, or 
flexibility limitations that, for research purposes, are problematic. 
The main feature of EBL is that it does not suffer from the diffraction limit 
of light, since electrons are used instead of light to crosslink the polymer used as 
the resist material. During writing, the electron beam is raster-scanned over a thin 
layer of polymer resist, with the beam "on" only where one desires a feature to 
be written. Since EBL is a maskless technology, with patterns defined in software, it 
provides extreme design flexibility, which make sit particularly well-suited for research 
purposes. 
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The fundamental resolution limits are determined by the properties of the resist 
material and the beam energy, with the "wavelength" of the electrons falling at least 
an order of magnitude below the resulting length scales. During the process of EBL, 
electrons can either be forward scattered or backward scattered and as a result are 
perturbed from their initial trajectories after interacting with the substrate. This 
effect results in a broadening the of exposed features, particularly if they are closely 
spaced ( < 100 nm) . This broadening can usually be compensated for by reducing the 
beam exposure time in the appropriate regions to reduce the local dosage. Addition-
ally, purposely designing features that account for this broadening is another possible 
solution. For the structures generated in this thesis work, poly(methylmethacrylate) 
(PMMA) was employed as the resist layer. With this material, the minimum feature 
size is in principle 3-5 nm for isolated features (Vieu et al., 2000), which is well below 
the size of the NPs that are relevant to the work. 
Prior to EBL, PMMA is spun onto the top surface of a cleaned sample substrate 
using a Headway Spin Coater. The samples typically undergo a solvent clean, and are 
baked on a hot plate at 120°C for 1-2 minutes before the spinning process. The sam-
ples are then mounted on a vacuum chuck and coated with MicroChem 950 Molecular 
Weight A3 PMMA resist. Next , they are spun for 45 seconds, with an initial ramp 
speed of 500 RPM/s and a final speed of 2000 RPM. Finally, the samples are baked 
on a hot plate at 180° C for 90 seconds. This process results in a film thickness of 
approximately 180 nm. After this step, the samples are ready for the EBL process. 
After the EBL step is complete, the samples are developed in a 3:1 solution of 
IPA:MIBK. In most cases, a short descum step is also conducted to remove any 
residual PMMA on the surface of the substrate. This involves using a plasma asher 
to briefly etch the PMMA with an oxygen plasma. An etch rate of 8 nm/min has 
been determined via ellipsometry for an oxygen flow rate of 200 SCCM and 100 W of 
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RF power. Samples are etched under these conditions for approximately 45 seconds. 
Finally, metals are typically deposited using a PVD process, and liftoff is conducted 
to undercut the PMMA, leaving behind the desired metal structures in the exposed 
regions behind. 
3.3 Measurement Techniques 
3.3.1 Optical Transmission Measurements 
Optical transmission measurements are used in the work of this thesis to characterize 
the resonances of plasmonic nanostructures and light coupling into waveguide modes. 
In these measurements, white light transmitted through the sample under study is 
measured as a function of wavelength via a fixed-grating spectrometer. A diagram 
of this measurement setup is shown in Fig. 3· 7. The measured transmission spectra 
are normalized to those of the substrate, to eliminate features due to impurities, 
interference in the substrate layers, and scattering caused by surface roughness. 
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Figure 3·7: White light transmission measurement setup used to char-
acterize the optical response of plasmonic systems. 
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The light that is not collected by the spectrometer is either absorbed or reflected 
by the sample. In the case of plasmonic NPs on a dielectric substrate, light is strongly 
scattered or absorbed at the LSPR wavelength, resulting in a pronounced transmis-
sion minimum. In the case of the multilayer ZnS-Ag-GaN structure investigated in 
Sec. 4.4, the Fresnel equations at each interface dictate the reflection and transmission 
coefficients of each layer. Depending upon these coefficients, and the thicknesses of 
the films , constructive or destructive interference can occur in the background spec-
trum. Since these measurements are focused on the optical response of a NP array 
fabricated on the top surface of the multilayer samples, this background is normal-
ized out to remove its effect on the overall transmission and highlight the features 
of interest . The remaining dips in transmission then correspond to diffractive light 
coupling into the SPP modes of the Ag film, and scattering or absorption due to the 
LSPRs of the NPs. 
3.3.2 Ellipsometry 
Ellipsometry is a noninvasive optical measurement technique used to characterize the 
permittivity and thickness of thin films. A schematic illustration of this measurement 
technique is shown in Fig. 3·8. The basic underlying idea is that when light is reflected 
at an interface, its amplitude and phase are modified. The incident light can be 
broken down into s and p linearly polarized components, with p being parallel and 
s perpendicular to the plane of incidence. In general, regardless of the losses in the 
sample material, s and p polarizations undergo different modifications of amplitude 
and phase upon reflection. Since each polarization undergoes a different phase shift 
at the interface, linearly polarized incident light with nonzero s and p components is 
reflected with ellipsoidal polarization. 
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Light Source 
Substrate 
Figure 3·8: Ellipsometry measurement of the properties of a thin film 
on a substrate. 
the polarization resolved reflection coefficients are defined as follows 
with their ratio, p, written as 
p = ~ = tan('lj;)e1D.. 
(3.3a) 
(3.3b) 
(3.3c) 
(3.4) 
During a measurement, linearly polarized light of a particular wavelength and inci-
dent upon a sample at a particular angle is reflected toward a detector. Before the 
detector there is a rotating linear polarizer, which passes the intensity component of 
the reflected light aligned with the polarizer axis , and allows a measurement of the 
change in polarization upon reflection. This measurement is typically repeated for 
the orthogonal polarizations to produce an accurate determination of p at the given 
wavelength. The permittivity of a bulk material E can be measured via ellipsometry 
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at the air-dielectric interface from the equation relating p and E, 
(3.5) 
where¢ is the angle of reflection with respect to the sample surface normal (Ghandi, 
1994). Regression analysis is utilized to fit the data points to best extrapolate the 
permittivity value. 
Ellipsometric measurements can also determine film thicknesses, with an ideal 
resolution of only a few nanometers. However, below approximately 15 nm many 
materials do not form continuous films and as a result their properties differ from 
the bulk. In this case, ellipsometry can determine a good estimate of the average 
film thickness across the area of the illumination spot. Additionally, in the case of 
thicker films, interference effects also factor into these measurements. Periodic inter-
vals of film thickness will exhibit identical values of 'lj; and D. , so that an approximate 
thickness should be known beforehand. 
3.3.3 Photoluminescence Measurements 
Photoluminesence (PL) measurements with semiconductor light-emitting samples in-
volve first the excitation of electron-hole pairs in the sample via optical pumping, and 
then the recording of their subsequent radiative recombination output with a spec-
trometer. In this work we are concerned with the interband emission of InGaN/ GaN 
MQWs at a wavelength of around 495 nm. The samples must therefore be excited 
with a photon energy greater than this transition energy, but lower than the GaN 
bandgap of 3.4 eV or 365 nm. In our measurements, a 375 nm diode laser is used to 
excite the samples, whose light output is passed through a clean-up filter , and then 
focused down onto the QWs with a 20 x objective. This arrangement results in a laser 
focal spot size of approximately 30 p,m. The samples emit light very strongly from 
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this spot with a spectral peak at 495 nm and full width at half maximum (FWHM) 
of about 50 nm. 
3.3.4 Angle-Resolved Photoluminescence Measurements 
In later chapters the angular distribution of the PL intensity is also mapped. This is 
done through the use of a custom built optical goniometer, depicted in Fig. 3·9. 
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Figure 3·9: Angle-resolved PL measurement setup. 
The goniometer consists of an arm on which a two-lens imaging system is mounted. 
In the collimated portion of the beam path within this arm, a long-pass filter is used to 
remove the pump light , allowing only the QW emission to pass through. Additionally, 
a polarizer is included which allows for polarization-resolved measurements of sample 
emission. Finally, an adjustable aperture is included that allows for control over the 
angular resolution of the setup. The PL collected by the two-lens system is fiber-
coupled to a spectrometer, resulting in the measurement of a full spectrum for each 
polarization and far-field angle. The optics are mounted on a piezo-controlled XY 
translat ion and rotation stage. An XYZ translation stage mounted to the optical 
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bench is also used to align the center of rotation of the system to the 30 ~-tm emission 
spot of the QW sample. The degree of freedom in the Z direction is for the vertical 
alignment of the collection optics, and is generally set as the first alignment step. 
The rotation stage rotates the collection optics about the emission spot , and allows 
a spectrum to be captured at each angle. The top XY stage positions the collection 
spot of the optics in the goniometer arm over both the center of rotation and the 
emission spot. 
Alignment of the emission spot, center of rotation, and collection spot is essential 
for accurate angular measurements. This is accomplished through an iterative pro-
cess of maximizing the PL intensity emitted along the sample surface normal, then 
maximizing the PL intensity at large angles, and so forth. This method is based on 
the assumption that for very small aperture values, the goniometer only collects nor-
mally incident light. In this limit, the collection "spot" of the front lens determines 
a collection "axis" where the collected intensity is invariant of focal depth. 
More specifically, the alignment process that I have developed in this work pro-
ceeds as follows. After closing the aperture to 2 mm, the rotation stage is set so 
that the collection optics are at normal incidence with respect to the sample. The 
transverse position X of the top XY stage is adjusted until the collected PL at the 
QW emission peak is maximized. This results in the condition depicted below in 
Fig. 3·10, step A, where the "X" represents the center of rotation, the solid dot rep-
resents the emission spot, and the solid line represents the collection axis, with the 
arrow pointing towards the direction of fiber collection. The circle that is shown in 
these plots represents the error between the center of rotation and the optical axis. 
As the optics are rotated, the optical axis moves tangentially around this circle, while 
the center of rotation and emission spot remain fixed. 
The next step in the alignment procedure is to rotate the optics to 45° with respect 
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Figure 3·10: Alignment procedure to correct for "Y'' center of rotation 
errors. 
to the sample surface normal (Fig. 3·10, step B). At this point, theY position of the 
XYZ stage is varied to maximize the collected PL, and the resulting position of the 
XYZ stage at is then recorded (Fig. 3·10, steps C and D). This step is then repeated 
for a rotation stage position of -45° (Fig. 3·10, steps E and F). The average of the 
resulting two sets of coordinates is taken and allows aligning the rotation stage with 
the emission spot along theY-axis (Fig. 3·10, step G). 
Finally, an iterative procedure is carried out to simultaneously align X positions 
of the center of rotation, emission spot, and the X position of the collection axis. 
This procedure is illustrated in Fig. 3·11. Starting from where step G left off, the 
optics are rotated 45° away from normal incidence (step H). The X position of the 
XY stage is then varied so that the PL intensity is maximized (Fig. 3·11, steps I and 
J). This begins to minimize the error between the optical-axis X position and the X 
position of the center of rotation stage axis, as demonstrated by a reduction in the 
radius of the circle in the figure. Larger off-normal rotation angles will result in faster 
convergence into alignment. The optics are then rotated back to normal incidence 
N. 
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Figure 3-11: Iterative alignment procedure to correct for "X" center 
of rotation error and "X" optical collection axis errors. 
to the sample, and the X position of the XYZ stage is varied again to maximize the 
collected PL intensity (Fig. 3·11, steps K, L, M). These steps successively reduce the 
error in X position first betwee the collection optics and center of rotation, and then 
between the center of rotation and the emission spot. The steps are repeated until 
the PL signal can no longer be maximized at any angle in between 0° and 45° by 
moving the XY collection-optics stage, resulting in the condition shown in (Fig. 3·11, 
step N). 
The system should now be aligned within the error limits of the various stages 
employed in this setup. Typically three or four iterations are required in order to 
achieve this condition. Some additional fine adjustments are finally made to theY axis 
of the XY stage, with the collection aperture fully open and with the rotation stage at 
normal incidence. This step further aligns the Y positions of the collection spot and 
of the emission spot. Additionally, the Y positions of the center of rotation and of 
the emission spot may need to be re-aligned at this point, since the stage coordinates 
are not perfectly orthogonal to one another. Other fine adjustments to the various 
stages may also be required to improve the overall symmetry of the bare QW-sample 
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emission pattern, which should closely resemble a Lambertian distribution. 
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Chapter 4 
Results and Discussion 
4.1 Influence of nanoparticle height on plasmonic resonance 
wavelength and electromagnetic field enhancement in two-
dimensional arrays 
In this section, a detailed experimental and theoretical study of the plasmonic prop-
erties of silver NP arrays as a function of NP height is presented (Henson et al. , 
2009a). Specifically, several square periodic arrays have been fabricated by EBL and 
characterized via transmission spectroscopy measurements. The same arrays have 
also been numerically investigated via FDTD calculations of their scattering and ab-
sorption cross sections and steady-state field intensity distributions. The results of 
this study show that the collective plasmonic resonances of these arrays can be effec-
tively blueshifted by increasing the NP height, while at the same time maximizing the 
average field enhancement in the substrate and maintaining small absorption losses. 
This approach can therefore be used to extend the spectral reach of lithographically 
defined metallic NP arrays for practical applications such as light-emission efficiency 
enhancement. 
4.1.1 Introduction 
Noble-metal individual NPs and NP arrays have been the subject of extensive study 
in recent years, due to their unique optical properties and shape-dependent plasmonic 
response. As already discussed in previous sections of this thesis, when resonantly 
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excited, collective oscillations of the electron gas within these nanostructures can 
produce highly enhanced electromagnetic fields in their near-field zone. As a result , 
metallic NPs have great potential for several applications including subwavelength 
optical waveguiding, biosensing, surface-enhanced spectroscopy, and efficiency en-
hancement in solid-state light emitters and solar cells (Maier, 2007; Brongersma and 
Kik, 2007). The tunability of their optical properties is of particular importance from 
a practical standpoint. It is well known that varying the size and shape of individual 
metallic NPs allows for tuning of their LSPR (Bohren and Huffman, 2004; Kelly 
et al., 2003). Furthermore, electromagnetic interactions among NPs within arrays 
can also be used to spectrally shift these resonances by controlling particle spacing 
and array configuration. Such two-dimensional arrays can be chemically synthesized, 
as well as fabricated using a variety of lithographic techniques such as EBL, which 
provide an unprecedented degree of control for integration in a wide range of devices. 
In typical studies of gold and silver NP arrays fabricated on planar substrates by 
lithographic techniques, plasmonic resonances at wavelengths from the 600 nm range 
into the near-infrared spectral region are reported (Lamprecht et al., 2000; Haynes 
et al., 2003; Mertens et al., 2004; Biteen et al., 2006; Sung et al., 2008; Auguie and 
Barnes, 2008; Chu et al., 2008; Ghoshal et al., 2009). Shorter-wavelength resonances 
are also of great interest in several contexts, including for enhancing the efficiency 
of visible light-emitting devices. As previously described in Sec. 2.2.9, this appli-
cation, which has attracted considerable attention in recent years, (Barnes, 1999; 
Okamoto et al., 2004; Paiella, 2005; Biteen et al., 2007; Mertens et al., 2007; Sun 
et al., 2008), relies on the near-field excitation and subsequent scattering of plas-
monic oscillations in suitably designed metallic nanostructures. A large enhancement 
in light-emission efficiency (related to the average field intensity enhancement in the 
active layer) can correspondingly be obtained, provided that the emission wavelength 
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is closely matched to the nanostructure plasmonic resonance. Metallic NP arrays with 
geometrically tunable resonances across the entire visible range are therefore critical 
to enable the widespread applicability of this approach. In fact, from a technological 
standpoint plasmon enhanced light emission can be expected to be particularly impor-
tant at green-yellow wavelengths in the 500 600 nm spectral region, which is currently 
lacking a suitable materials platform producing high-efficiency light-emitting devices. 
In general, the plasmonic resonance wavelength of NP arrays can be blueshifted by 
reducing the particle diameter and/ or by decreasing the interparticle spacing (Lam-
precht et al., 2000; Kelly et al., 2003; Haynes et al., 2003; Bohren and Huffman, 2004; 
Mertens et al., 2004; Biteen et al., 2007; Sung et al., 2008; Auguie and Barnes, 2008; 
Chu et al., 2008; Chan et al., 2008; Ghoshal et al., 2009). However,practicallimita-
tions of current nanofabrication technologies, and the associated broadening due to 
size variations , limit the effectiveness of this approach. Furthermore, as the parti-
cle diameter is decreased optical absorption due to electron-phonon collisions within 
the metal begins to dominate over resonant light scattering (Bohren and Huffman, 
2004; Maier, 2007). Therefore, exceedingly small NPs are not suitable to applica-
tions requiring efficient scattering of their plasmonic excitations, as in the case of 
plasmon-enhanced light emission. It should also be noted that the plasmonic reso-
nance wavelength also depends on the NP composition, and can be blueshifted by 
using metals with larger plasma frequency such as aluminum (Chan et al. , 2008). 
However, this approach is again generally accompanied by an increase in absorption 
losses compared with the use of silver and gold, due to the larger imaginary part of 
the dielectric function of aluminum at visible wavelengths. 
In this work, we consider square arrays of Ag nanocylinders and investigate how 
their plasmonic properties can be tailored by controlling the NP height. In particu-
lar we show that the plasmonic resonance wavelength can be effectively blueshifted 
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by increasing the particle height, while at the same time maximizing the average 
field enhancement in the substrate and maintaining small absorption losses. To that 
purpose, several NP arrays of different height and periodicity have been fabricated us-
ing EBL, characterized via transmission spectroscopy measurements, and numerically 
investigated using FDTD simulations. 
4.1.2 Experimental and Simulation Methods 
All the arrays studied in this work consist of Ag nanocylinders patterned on a planar 
sapphire substrate, arranged in a two-dimensional square lattice with overall dimen-
sions of 60 x 60 J-Lm2 . The NP diameter was kept fixed at 130 nm, large enough to 
ensure that the extinction cross section is generally dominated by scattering as op-
posed to absorption (Bohren and Huffman, 2004; Maier, 2007), and at the same time 
sufficiently small to avoid excessive radiation damping of the plasmonic oscillations 
(Wokaun et al., 1982). Several arrays were investigated with NP heights ranging from 
20 to 160 nm. Furthermore, since the height dependence of the array plasmonic re-
sponse was found to vary with the NP center-to-center spacing (pitch) , for each value 
of the height six different arrays were fabricated on the same substrate, with pitch 
ranging from 180 to 330 nm. 
To fabricate each set of arrays, PMMA was first spun onto a sapphire substrate and 
patterned using a Zeiss SEM configured with an EBL nanometer pattern generation 
system. Following PMMA development , the sample was briefly descummed with a 
plasma asher under 200 SCCM of 0 2 and 100 W of rf power. An Ag layer of the 
desired thickness was then deposited using an electron-beam evaporator , which was 
run at high vacuum ( 2 x 10- 6 Torr) to produce smooth metallic films with small 
grain sizes. The Ag NPs were finally created via lift-off. Each step in the fabrication 
process was carefully characterized for optimal control of the NP geometry. The 
fabricated dimensions were verified by SEM imaging and atomic force microscopy. 
69 
An exemplary SEM micrograph of an array with 270-nm-pitch is shown in figure 4·1. 
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"" Figure 4·1: SEM image of a two-dimensional square array consisting 
of cylindrical Ag NPs with 130-nm-diameter and 270-nm-pitch. Also 
shown is the system of coordinates used in the numerical simulations 
presented in this work. 
The relatively small variations in NP shape and diameter observed in this figure 
are representative of all fabricated samples. The system of coordinates used in the 
numerical simulations of the array plasmonic properties is also shown in this figure . 
After fabrication, the array transmission spectra were measured by broadband illumi-
nation at normal incidence with unpolarized light from a deuterium tungsten halogen 
source. In these measurements, the samples were mounted on a piezo-controlled stage 
allowing sub-micron resolved translation, and two long-working-distance 20 x objec-
tives were used to focus the incident light on each array and to collect the transmitted 
signal. The input objective was also used as part of a microscope allowing the indi-
vidual arrays to be imaged for ease of alignment. The focused spot size was measured 
with the knife-edge method and found to be approximately 25 f.-LID. After transmis-
sion through each array, the collected signal was coupled into an optical fiber and 
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finally analyzed with an Ocean Optics USB-4000 grating spectrometer. To isolate 
the extinction features due to the NP arrays only, all spectra were normalized to the 
transmittance of bare sapphire. 
Numerical simulations were run for each pitch-height combination using a com-
mercial FDTD package (Lumerical Solutions, 2013). The dielectric functions of 
Ag (Johnson and Christy, 1972) and sapphire were interpolated from known exper-
imental data, and were further confirmed via separate ellipsometry measurements. 
All simulation parameters including mesh size, boundary conditions, excitation pulse 
length, and monitors positions were carefully selected and optimized. In each run, 
the computational window was defined so as to include exactly one repeat unit of the 
two-dimensional periodic array centered around a NP. The optimized computational 
mesh involved a refined region extending 10 nm beyond this NP in the x andy direc-
tions and 40 nm above and below the NP in the z direction. The mesh size in the x-y 
plane and along the z direction ranged from 3.5 and 1 nm, respectively, within the 
refined region to maximum values of 10 and 8 nm outside. Any further reduction in 
cell size was found to have no appreciable effect on the computational results. Peri-
odic boundary conditions were employed in the plane of the particles (the x-y plane) , 
while perfectly matched layers were used in the orthogonal (z) direction. The array 
scattering and absorption cross sections, steady-state field profiles, and field inten-
sity enhancement factors were then calculated from field power monitors at different 
positions within the computational window. In the extinction spectra simulations, 
the NP arrays were illuminated at normal incidence with a broadband TFSF pulsed 
excitation having 2.65 fs pulse width, 565 nm center wavelength, and linear polariza-
tion along the x direction. To calculate the field profiles and enhancement factors, 
the center wavelength of the input pulses was then changed to the array resonance 
wavelength, as determined from the previously computed extinction spectra. 
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4 .1.3 Results and D iscussion 
The height dependence of the array plasmonic response is illustrated in figure 4· 2, 
where we show the measured transmission spectra of six arrays with pitch P = 240 
nm and NP height H ranging from 20 to 160 nm. 
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Figure 4· 2: Measured transmission spectra of Ag NP arrays with 240-
nm-pitch and varying NP height of 20, 25, 40, 55, 130, and 160 nm in 
order of decreasing wavelength of minimum transmission. 
A pronounced transmission minimum, associated with the NPs LSPRs, 1s seen 
in each spectrum, whose center wavelength strongly decreases with increasing height 
until it saturates for height values comparable to the NP diameter. The taller NPs also 
appear to exhibit an additional weaker transmission dip near the short-wavelength end 
of the accessible spectral range. The latter features are attributed to an asymmetric 
quadrupole (or double dipole) plasmonic excitation, as supported by the field-profile 
calculations discussed in the following. In figure 4·3 we show the main resonance 
wavelength (taken as the experimental wavelength of minimum transmission) plotted 
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versus pitch for different NP heights. 
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Figure 4·3: Measured plasmonic resonance wavelengths plotted vs 
array pitch for different NP heights (indicated in the legend). 
It is clearly seen that the resonance is spectrally blueshifted as the particle height 
increases for all array configurations, though the effect is more pronounced for arrays 
of smaller pitch. Furthermore, a blueshift is also generally observed with decreasing 
interparticle spacing, consistent with previous reports from similar nondiffracting NP 
arrays (Lamprecht et al., 2000; Haynes et al., 2003; Sung et al., 2008). Altogether 
the measured arrays cover a rather broad spectral range, extending to wavelengths 
below 500 nm, even though they all comprise relatively large (130-nm-diameter) NPs. 
These experimental observations are well reproduced by our simulation results. 
To illustrate, in figure 4·4 we show a series of extinction efficiency spectra (defined as 
the ratio of the extinction cross section to the geometrical cross section) computed 
with the previously discussed method for the six arrays of figure 4·2. The same 
general behavior as in the experimental data is observed in this figure, including 
the appearance of a weaker shorter-wavelength resonance in the taller NP arrays. 
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F igure 4·4: Calculated extinction efficiency spectra of Ag NPs in 240-
nm-pitch arrays. The NP heights are 20, 25, 40, 55, 130, and 160 nm 
in order of decreasing wavelength of maximum extinction. 
Incidentally, it should also be noted how the peak values of all these spectra are well 
above unity, which underscores the strength of the interaction between these Ag NPs 
and the incident light . The main resonance wavelength inferred from the simulated 
extinction spectra (i.e., the wavelength of peak extinction) is plotted versus array 
dimensions in figure 4·5, and exhibits the same trend of blueshifting with increasing 
NP height and decreasing pitch observed in figure 4·3. 
The overall quantitative agreement between theoretical and experimental values 
is also reasonably good, with larger discrepancies observed for smaller pitch and / or 
smaller height values and mainly attributed to fabrication size variations. In par-
ticular, SEM studies indicate variations in NP diameter within each array of up to 
about 5% of the target value. Given the strong dependence of resonance wavelength 
on diameter, the vertical error in the experimental data of figure 4·3 can be mainly 
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Figure 4·5: Calculated plasmonic resonance wavelengths plotted vs 
array pitch for different NP heights (indicated in the legend). 
attributed to such fluctuations and estimated to be of similar magnitude. The re-
suiting variations in NP spacing, as well as small uncertainties in the height, may 
also contribute to the observed discrepancies, particularly for the arrays with smaller 
pitch and/ or smaller height values. 
The observed height dependence of the array plasmonic response is consistent 
with the known variation of resonance wavelength with aspect ratio in nanoscale 
metallic ellipsoids, as discussed, e.g., in (Bohren and Huffman, 2004). A simple 
interpretation can also be constructed based on the harmonic oscillator model of 
localized plasrnonic excitations, where the resonance frequency is proportional to the 
restoring force experienced by the displaced electrons on one side of the NP due to the 
background of exposed positive ions on the other side. As the NP size perpendicular to 
the displacement (the height in our case) is increased, the amount of charge induced on 
both sides by the incident optical field increases while their separation remains fixed. 
As a result , the displaced electron gas experiences a larger restoring force leading to 
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a shorter resonance wavelength. Furthermore, the electromagnetic coupling among 
neighboring NPs in the array (which also causes a blueshift in resonance wavelength, 
as shown in Figs. 4·3 and 4·5) can be expected to be stronger for taller NPs. This 
can explain why the height dependence appears to be more pronounced in arrays of 
smaller pitch. 
The results presented so far therefore show that the plasmonic resonance of litho-
graphically defined NP arrays can be substantially blueshifted by increasing the NP 
height. From a practical standpoint , what is also important is that the resulting 
arrays still provide large scattering cross sections with minimal absorption and large 
electromagnetic field enhancements in their near-field zone. Both of these proper-
ties were therefore also investigated in our numerical simulations. Regarding the 
array extinction cross sections, the relative contributions due to scattering and ab-
sorption were calculated independently and compared. Typical results are shown in 
Figs. 4·6(a) and (b) for the case of an array with 240-nm-pitch and NP height of 20 
and 160 nm, respectively. 
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Figure 4·6: (a) Calculated scattering and absorption efficiency spectra 
of 20-nm-tall Ag NPs in a 240-nm-pitch array. (b) Same as in (a) for 
the case of 160-nm-tall NPs. 
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In both plots the scattering contribution is substantially larger than the ab-
sorption, at least in the spectral region of the main resonance. Furthermore, the 
scattering-to-absorption ratio is found to increase with increasing height , consistent 
with its general tendency to increase with increasing NP volume (Bohren and Huff-
man, 2004; Maier, 2007). Thus, the use of tall nanocylinders considered in this work 
allows blueshifting the plasmonic resonance while at the same time also improving 
the scattering efficiency. 
To determine the field enhancement factors in the vicinity of the NPs, the steady-
state field intensity distributions under external illumination at resonance were first 
calculated. Exemplary results are shown in the log-10-scale maps of Fig. 4·7, where 
the electric field intensity is plotted versus position on the plane through the center of 
the simulated NP and parallel to the x and z axes (as defined in figure 4·1). As shown 
by these data, the field distributions are also strongly affected by the NP height. The 
case of short (20 nm) NPs is illustrated in Figs. 4·7(a) and (b) , which correspond 
to arrays with 330- and 180-nm-pitch, respectively. In both figures, field distribu-
tions indicative of purely dipolar plasmonic excitations are observed. Furthermore, 
a comparison between these two plots suggests a decreased field penetration into the 
substrate (i.e., in the z < 0 space) as the particle separation is decreased. This 
behavior is attributed to the correspondingly increased interparticle coupling which 
tends to pull the optical field in the space between the NPs, as already discussed in 
(Biteen et al., 2007). 
More complex field distributions are obtained in the case of taller NPs, as illus-
trated in the remaining four panels of Fig. 4·7. Here the field distributions resemble 
the weighted superposition of two dipolar excitations, one centered near the NP upper 
corners and associated with the metal/ air interface, the other centered near the lower 
corners and involving the metal/substrate interface. These two dipolar field distribu-
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Figure 4 -7: Log-10-scale plots of the steady-state electric field inten-
sity on the x-z plane through the center of the simulated NP for various 
arrays. A line indicating the interface between air (z > 0) and sapphire 
(z < 0) is included in each plot . The NP height H, the array pitch 
P, and the wavelength A at which these field distributions were calcu-
lated are indicated in each panel. In panels (a)-(d) , A is the center 
wavelength of the main plasmonic resonance of the array under study. 
In panels (e) and (f), it coincides with the center wavelength of the 
weaker, higher-frequency resonance. 
tions are clearly seen in Fig. 4-7(c) , for the case of an array with 160 nm NP height 
and 330-nm-pitch excited at the center wavelength of its main extinction peak (605 
nm). In this plot the metal/substrate dipolar field contribution appears to be more 
pronounced than the metal/ air one. On the other hand, the opposite becomes true 
if the same array is excited at the center wavelength of its weaker, higher-frequency 
resonance (423 nm), as shown in Fig. 4-7(e). This behavior is consistent with the 
general nature of elementary dipolar excitations of metallic NPs, whose resonance 
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wavelength increases with increasing dielectric constant of the surrounding medium 
(Maier, 2007). Finally, in Figs. 4·7(d) and (f) we plot the field distributions of an 
array with the same large NP height (160 nm) but smaller pitch (180 nm) , excited 
at its two resonance wavelengths. Similar double dipole modes can also be observed 
in this array, except that the optical field is now pulled more strongly in the space 
between the NPs, again due to the stronger interparticle coupling in arrays of smaller 
pitch. 
Next, in these simulations, the steady-state field intensity distribution of each 
NP array was integrated over a plane immediately beneath the particles (where a 
low-efficiency light-emitting layer may be located) and extending over the entire sim-
ulation window. This quantity was then divided by the intensity of the incident wave 
integrated over the same plane, resulting in an average field-intensity enhancement 
factor. The results of this analysis are illustrated in 4·8, where the average field-
intensity enhancement factor is plotted versus NP height for different values of the 
array pitch. Specifically, the traces shown in Figs. 4·8(a) and (b) were computed 
on the plane at a distance of 5 and 20 nm below the NPs, respectively. Several 
observations can be made based on these data. First, relatively large values of the 
average enhancement factor (certainly suitable for applications such as light-emission 
efficiency enhancement (Biteen et al., 2007)) are generally obtained for the arrays 
under study. Second, the enhancement factor is found to decrease with decreasing 
pitch, which is due to the associated redistribution of the optical field in the space 
between the NPs. Third, the enhancement factor also rapidly decreases with increas-
ing distance from the NPs (as in going from Figs. 4·8(a) and (b) , which is due to the 
well known evanescent nature of plasmonic excitations. 
Finally, a more complex dependence involving an oscillatory behavior is observed 
versus NP height. This dependence can be explained by referring to the field-
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Figure 4·8: Average intensity enhancement factor on a plane at a 
distance of (a) 5 nm and (b) 20 nm below the NPs, plotted vs NP 
height for arrays of varying pitch (180, 210, 240, 270, 300, and 330 nm 
in order of increasing enhancement). 
distribution plots of Fig. 4· 7. As the NP height is increased, the field distribution 
initially evolves from that of a single dipolar excitation shown in Figs. 4·7(a) and (b) 
to the double dipole of Figs. 4·7(c)-(f). At the height values where this transition 
takes place, the two field lobes on either side of each NP are weakly confined in the 
plane of the array due to the limited available space, and therefore their penetration 
into the substrate below and vacuum above is particularly large. Correspondingly, 
the average enhancement factors of Fig. 4·8 go through a maximum near these values 
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of NP height. A similar behavior is observed with even taller NPs, where a third 
dipole mode is found to appear in the field distribution (not shown) leading to a new 
maximum in enhancement factor, and so forth. Incidentally, it should also be noted 
that as the NP height is further and further increased, eventually the field enhance-
ment can be expected to become limited by radiation damping (Sun et al., 2008). In 
any case, the results plotted in Fig. 4·8 clearly show that the short resonance wave-
length arrays considered in this study can provide highly enhanced optical fields in 
their immediate vicinity, which again is a key prerequisite for many applications. 
4.1.4 Summary 
We have presented a detailed experimental and theoretical study of the plasmonic 
properties of Ag NP arrays as a function of NP height. On the experimental side, 
several arrays have been fabricated by EBL and characterized via transmission spec-
troscopy measurements. The same arrays have also been numerically investigated via 
FDTD calculations of their extinction, scattering, and absorption cross sections and 
steady-state field intensity distributions. 
The measured transmission spectra feature pronounced extinction peaks whose 
center wavelengths strongly decrease with increasing NP height, in good agreement 
with the simulation results. The use of tall NP arrays therefore provides an effective 
way to blueshift the plasmonic resonance of lithographically defined metallic nanos-
tructures. Additional FDTD calculations show that the same short-resonancewavelength 
NP arrays can also provide large scattering efficiencies and large field-intensity en-
hancements in the substrate. Specifically, the data plotted in Fig. 4·5( or Fig. 4·3) 
and Fig. 4·8 can be used to maximize the latter parameter, while at the same time 
tuning the resonance wavelength over a wide range. These results are promising to 
extend the spectral reach of EEL-fabricated NP arrays for practical applications such 
as light-emission efficiency enhancement. 
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4.2 Enhanced near-green light emission from InGaN quan-
tum wells by use of tunable plasmonic resonances in sil-
ver nanoparticle arrays 
4.2.1 Introduction 
In this chapter, I will describe my work involving the use of metallic NPs to increase 
the radiative efficiency of III-nitride light-emitting samples (Henson et al. , 2010) . 
The motivations and basic ideas behind this work have been described in detail in 
Chapter 2, and are again summarized here for completeness. The development of 
high-efficiency semiconductor LEDs is of great interest for a wide range of applica-
tions including solid-state lighting. InGaN alloys are particularly attractive in this 
context as they can be used to cover the entire visible spectrum by tuning their com-
position. At the same time, however, their IQE for light emission strongly decreases 
with increasing In content , leading to limited luminescence yields at wavelengths in 
the green spectral region and beyond. As a result , several techniques for light-emission 
efficiency enhancement are currently being investigated in conjunction with InGaN 
materials and devices, including the use of plasmonic excitations supported by metal-
lic films or nanostructures (Okamoto et al., 2004; Lu et al., 2007; Kwon et al., 2008; 
Yeh et al. , 2008; Oh et al., 2009; Henson et al., 2009b). 
In a simple description, this approach can be treated as a two-step process in-
volving plasmon-enhanced spontaneous emission followed by scattering of the excited 
plasmonic oscillations into radiation (Sun et al. , 2009). First, energy is transferred 
from the excited electron-hole pairs in the active layer to the available SPP modes 
via near-field electromagnetic coupling. Given the large field enhancements and high 
densities of states associated with such modes , this process can be extremely fast and 
thus compete favorably with nonradiative recombination mechanisms, thereby lead-
ing to enhanced IQE (Barnes, 1998; Gontijo et al., 1999; Neogi et al. , 2002) . The key 
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requirements in this respect are near-field proximity between the active layer and the 
metal surface, and close matching between the emission wavelength and the plasmonic 
resonance. Second, the excited plasmonic oscillations are extracted via scattering into 
radiation modes from a suitable geometry providing the required phase matching. As 
a result of this two-step process, an overall increase in light emission efficiency can be 
obtained if the plasmonic extraction efficiency is larger than the emission efficiency 
in the absence of metallic nanostructures. 
In the context of nitride semiconductors, plasmon-enhanced PL has initially been 
demonstrated using InGaN/GaN QWs coated with Ag orAl films (Okamoto et al., 
2004; Lu et al., 2007), whose natural roughness was large enough to cause sufficient 
SPP scattering. This geometry is particularly simple to fabricate and has the ad-
vantage of providing uniform field enhancements across the entire sample area. On 
the other hand, it offers no control of the plasmonic resonance wavelength and ex-
traction efficiency; furthermore the requirement of near-field proximity to the active 
layer makes it impractical for many device configurations. These limitations can be 
overcome with the use of metallic NPs, which can ultimately be integrated within 
a p-n junction device via epitaxial overgrowth. In fact, plasmon-enhanced PL and 
electroluminescence have been reported recently using spontaneously formed metallic 
NPs prepared by evaporation and annealing (Kwon et al., 2008; Yeh et al., 2008; Oh 
et al., 2009) or chemical synthesis (Henson et al., 2009b). 
In this work, we demonstrate and investigate the use of regular arrays of metallic 
NPs fabricated by EBL on the top surface ofinGaN/GaN QW light-emitting samples. 
Compared to typical self-assembly techniques, EBL provides superior control of the 
NP geometry and spatial distribution, which can be used to engineer the plasmonic 
resonance wavelength and scattering cross-section for optimal increase in luminescence 
efficiency. Large enhancements in PL intensity (up to a factor of over 3) are measured 
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at a peak emission wavelength of over 490 nm, accompanied by a substantial ( 1. 7 
x) reduction in recombination lifetime indicative of increased IQE. Furthermore, the 
measured PL enhancement factors are found to exhibit a strong dependence on the 
NP array dimensions, underscoring the importance of geometrical tuning for this 
application. 
Specifically, we employ square periodic arrays of Ag nanocylinders having con-
trolled diameter, height, and particle spacing. The plasmonic properties of such 
arrays have been studied in a number of recent publications (Lamprecht et al. , 2000; 
Haynes et al. , 2003; Mertens et al., 2004; Biteen et al., 2007; Henson et al. , 2009a) , 
where pronounced LSPRs from the 600-nm range into the near-infrared are typically 
reported. Plasmonic resonances at shorter wavelengths (such as in the blue-green 
spectral region considered in this work) can be obtained most effectively by reducing 
the NP diameter, which however comes at the expense of increased optical absorp-
tion losses within the metal (Maier, 2007). As a result, the two key requirements of 
efficient extraction of the NPs LSPRs and of close match between the plasmonic res-
onance and the emission wavelength become somewhat conflicting, and their tradeoff 
is investigated in this study. As shown in Sec. 4.1, the plasmonic resonance of metallic 
nanocylinders can also be blueshifted by increasing the particle height (Henson et al. , 
2009a), and this approach is also considered in the present work. 
4.2.2 Experimental Methods 
The QW material used in this work was grown by RF-plasma-assisted MBE on a 
GaN template on c-plane sapphire, and consists of three pairs of nominally 2-nm-
thick InGaN wells and 5-nm-thick GaN barriers having peak emission wavelength 
above 490 nm. To ensure strong coupling between the light-emitting excitons in the 
QWs and the NP plasmonic excitations, no additional cap layer was grown over the 
topmost barrier so that the QWs lie within the near field of the NPs. A schematic 
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cross-sectional view of the NP-coated QW material is shown in Fig. 4·9(a). 
AgNParray 
GaN 
(a) sapphire substrate 
Figure 4·9: (a) Schematic cross-sectional view of the NP-coated QW 
material studied in this work (not drawn to scale). (b) SEM image of a 
square array of Ag nanocylinders with 120-nm diameter fabricated by 
EBL on GaN. 
The NP arrays were fabricated using a standard lift-off procedure, where PMMA 
is first spun onto the substrate and patterned using a Zeiss SEM configured with 
an EBL tool. Following PMMA development, a Ag layer of the desired thickness is 
deposited using electron-beam evaporation and the NPs are finally created by liftoff. 
Each fabricated array consists of nanocylinders arranged in a two-dimensional square 
lattice with overall dimensions of 50 x 50f...tm. An exemplary SEM micrograph of an 
array of 120-nm-diameter NPs is shown in Fig. 4·9. The relatively small variations 
in NP shape and diameter observed in this figure are representative of all fabricated 
structures. For the CW PL measurements, the samples were mounted on a piezo-
controlled micropositioning stage allowing each array to be probed individually. The 
QWs were pumped at normal incidence using light from a 375-nm laser diode, which 
was passed through a wavelength-selective beamsplitter and then focused onto the 
sample from the substrate side using a long-working-distance 20 x objective lens. 
The focused spot size was measured with the knife-edge method and found to be 
approximately 25f...tm. The PL signal was collected using the same objective lens and 
beamsplitter, and then analyzed using a fiber-coupled Ocean Optics grating spec-
trometer. In each set of measurements, an array was initially aligned to the focusing 
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lens using a microscope, and PL spectra were then measured from the regions below 
the array and adjacent to it by carefully translating the sample. 
Time-resolved PL (TRPL) studies were also carried out, in order to evaluate 
the decrease in recombination lifetime brought about by the silver NPs and in the 
process confirm the plasmonic origin of the observed PL intensity enhancement. These 
measurements were carried out in collaboration with Rui Li and Salvatore Minissale in 
Professor Dal Negro's Lab at BU. In these measurements the samples were pumped 
with ultrafast pulses having 100-fs duration and 430-nm center wavelength from a 
frequency-doubled Ti:Sapphire laser (Spectra Physics Mai-Tai). The emitted light 
was then detected and analyzed with a Hamamatsu streak camera. Relatively large 
( 1 x 1 mm2 ) compilations of closely-spaced identical NP arrays were fabricated for 
these studies, due to the limited spatial resolution of the TRPL setup. 
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Figure 4·10: PL spectra (a) and TRPL signals (b) measured from 
an uncoated region of the QW sample under study (blue lines) and 
from the region underneath an array of Ag NPs with 120-nm diameter, 
160-nm pitch, and 55-nm height (red lines). 
Finally, we also measured the optical transmission spectra of the NP arrays used 
to demonstrate PL enhancement, which provide direct information about their plas-
monic response. To that purpose, the same arrays were fabricated on bulk GaN films 
grown on sapphire, i.e. , without the QWs that would otherwise provide strong optical 
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absorption in the spectral range of interest. The transmission spectra were measured 
by broadband illumination at normal incidence using unpolarized light from a deu-
terium tungsten halogen source, with the sample again mounted on a piezo-controlled 
stage between two 20x objectives. To isolate the extinction features due to the NP 
arrays only, all measured spectra were normalized to the transmittance of the bare 
GaN template on sapphire. 
4.2.3 Results and discussion 
The demonstration of plasmon-enhanced light emission using EEL-fabricated NPs is 
illustrated in Fig. 4·10. In Fig. 4·10(a) we show two PL spectra measured from an 
uncoated region of the QW sample (blue line) and from the region underneath an ar-
ray of Ag nanocylinders with 120-nm diameter, 160-nm pitch, and 55-nm height (red 
line). Proximity to the NPs clearly results in a substantial increase in PL intensity, 
by a factor TPL-I of nearly 2.8 in this case based on the emission-spectra peak values. 
In Fig. 4·10(b) the blue and red lines are the measured TRPL signals (near the wave-
length of peak emission) from the bare QWs and from underneath an identical array, 
respectively. As shown by the black lines in this figure, both traces are in excellent 
agreement with numerical fits based on a double exponential decay model, where the 
slower lifetime is related to the recovery of the quantum-confined Stark effect from 
carrier screening (Choi et al., 2001) , while the faster time constant accounts for ra-
diative and nonradiative exciton recombination. A pronounced decrease in the latter 
lifetime is observed in going from the bare QWs to the array-coated region, from 123 
to 7 4 ps based on the fitting curves. 
These observations are in full agreement with a picture of plasmon-enhanced light 
emission. Due to the spatial proximity and relatively close spectral match between 
the QW excitons and the NP plasmonic excitations, efficient recombination via LSPR 
emission occurs in the sample region below the array, and the TRPL decay lifetime is 
- - --- ---- -
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correspondingly shortened. As a result , fewer carriers are "wasted" through nonradia-
tive recombination processes and the IQE is correspondingly increased. A sufficiently 
large fraction of the emitted LSPRs are then scattered by the NPs into radiation, 
leading to an overall increase in the measured luminescence. 
In order to quantify the various contributions to the observed PL intensity en-
hancement, we first consider the increase in pump-light reflection coefficient R at the 
semiconductor-air interface brought about by the NPs. This is an important param-
eter, since in the backside pumping geometry used in our measurements the pump 
light intensity absorbed by the QWs is roughly proportional to 1 + R. To normalize 
out this effect, the measured PL intensity enhancement should therefore be divided by 
the factor frefl = ( 1 + R coat ) / ( 1 + Rbare) , where Rbare and Rcoat are the pump reflection 
coefficients of the bare sample surface and of the array coated region, respectively. 
Using Fresnel theory with a refractive index of 2.7 forGaN at the pump wavelength 
of 375 nm (Tisch et al., 2001), Rbare is found to be about equal to 0.21. To estimate 
Rcoat , we notice that in the NP array under study the optical transmission at 375 nm 
is about 56% of its value on the bare surface, as obtained from the measured array 
transmission spectrum (shown in Fig. 4·12 below). Assuming that this decrease in 
transmission is entirely due to increased reflection (both specular and diffuse) , we can 
write (1- R coat)/(1- Rbare) = 56% and then solve for R coat; this gives Rcoat = 0.56 
and thus fr efl = 1.3. In practice, the observed decrease in transmission is partly due 
to optical absorption in the NPs, so that this estimate of frefl should be regarded 
as an upper limit. Based on this analysis we can therefore conclude that the peak 
PL intensity in Fig. 4·10(a) has been enhanced through plasmonic interactions by a 
factor TPL-J/ fr efl of at least 2.1. 
The underlying increase in IQE can be evaluated from the TRPL measurement 
results as already discussed in Sec. 2.2.9. The IQE of the uncoated QWs depends 
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on the radiative and nonradiative recombination rates (frad and fnr, respectively) as 
"lint = r rad/ (r rad + r nr). In the near field of the NP arrays, the IQE becomes 
1 'Yrad + "!LSPR 
"lint = 
'Yrad + "!LSPR + 'Ynr F"frad + "fnr 
( 4.1) 
where rLSPR is the recombination rate due to emission of LSPRs, and the effective 
Purcell factor F - (r rad + r LSP R) ;r rad is approximately equal to the average electro-
magnetic field-intensity enhancement produced by the NPs in the QWs (Biteen et al., 
2007). Not included in Eq. (4.1) is nonradiative decay via direct near-field excitation 
of electronic transitions in the metal, which can generally be neglected in the case 
of semiconductor radiative media (Gontijo et al., 1999). The parameter "lint can be 
estimated from the ratio of the measured PL signals at room temperature and near 
10 K (Kawakami et al., 2001); using this procedure, we obtained a value of about 
8% for the QW sample under study. The exciton recombination lifetimes obtained 
from the blue and red TRPL traces of Fig. 4·10(b) correspond to the reciprocals of 
r rad + r nr and Fr rad + r nn respectively. Using these experimental quantities in the 
definitions of "lint and TJ~nt and then solving for the remaining parameters, we obtain 
F = 8.9 and TJ~nti'Tlint = 5.4. This large increase in IQE is partially offset by the finite 
absorption losses (and hence non-unity scattering efficiency) of the emitted LSPRs in 
the NPs, leading to the smaller measured enhancement in overall PL efficiency. 
Next we investigate how the measured plasmon-enhanced luminescence depends 
on the array geometry. In the case of square arrays of Ag nanocylinders, the key 
design parameters are the NP diameter D and height H, and the minimum separation 
S between nearest neighbors. In the following, various combinations of values of D and 
H are investigated. On the other hand, S is kept fixed at a reasonably small value of 40 
nm, motivated by the importance of producing a strong exciton/LSPR coupling over 
a large fraction of the sample area while at the same time leaving sufficient space 
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between neighboring NPs to eventually allow for convenient device integration via 
epitaxial overgrowth. On a more fundamental level, the use of ultrasmall separations 
S on the order of a few nanometers is also interesting as it is expected to result in 
particularly large local field enhancements (Ueno et al., 2008), and will be the subject 
of future studies. 
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Figure 4·11: PL spectra measured with arrays of different NP diame-
ter D (red lines) and from nearby uncoated regions of the same sample 
(blue lines). In each panel, both spectra are normalized to the peak 
value of the blue trace. 
The observed dependence on diameter is summarized in Figs. 4·11 and 4·12 for the 
case of NPs with a height of approximately 55 nm. In Fig. 4·11 we plot a representative 
set of PL spectra measured with arrays of different NP diameter ranging from 80 to 
160 nm (red lines). The blue lines are simultaneously measured emission spectra from 
nearby uncoated regions of the same sample. In each case the NP array produces a 
significant increase in peak intensity, by a factor rPL- 1 whose value is also listed in 
the figure. Specifically, these quoted values are averages over several measurements 
with nominally identical arrays fabricated in the same run; the associated standard 
deviations are typically below 10%. As shown in this figure , rPL-1 initially increases 
with diameter from 1.5 forD = 80 nm until it reaches a maximum value of nearly 2.8 
90 
near D = 120 nm. As Dis further increased, TPL - I is found to saturate; at the same 
time, the sample-area coverage with Ag increases, which eventually may complicate 
the further integration of the NPs in a full device structure via epitaxial overgrowth. 
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Figure 4 -12: Normalized transmission spectra of the same array ge-
ometries of Fig. 4-11 fabricated on a Si-doped GaN film on GaN and 
c-plane sapphire. Red arrows indicate the location of the LSPR of the 
NP array. Additional oscillations in these plots are due to Fabry-Perot 
multilayer interference. 
In Fig. 4-12 we show the normalized transmission spectra of the same array ge-
ometries. A pronounced dip is seen in each case, associated with the main plasmonic 
resonance of the respective array. For D = 80 nm, this feature is centered relatively 
close to the QW emission wavelength. As D is increased it red-shifts and broadens 
as expected (Maier, 2007), while a second dip due to a higher-order LSP R mode 
develops at shorter wavelengths and similarly broadens. 
The observed PL-intensity variations in Fig. 4-11 are mainly the result of two 
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conflicting mechanisms. On the one hand, as D is increased the array main plas-
monic resonance redshifts away from the QW emission wavelength, and therefore the 
exciton/LSPR resonant coupling decreases. On the other hand, in general larger NPs 
feature larger plasmonic scattering efficiency (Maier, 2007), which is evidenced in 
Fig. 4·12 by the increasing strength and width of the measured transmission dips 
with increasing diameter. As D is increased, more and more of the emitted LSPRs 
are therefore scattered into radiation and contribute to the measured PL signal, as 
opposed to being absorbed in the metal. The enhancement data of Fig. 4·11 indi-
cate that this latter mechanism is dominant up to around D = 120 nm, causing an 
overall increase in PL intensity with increasing diameter. Incidentally, the NP area 
coverage also increases with diameter in the arrays of Fig. 4·11; however, simple ge-
ometrical considerations show that this effect can only account for a small fraction 
of the observed PL-intensity variations. It should be noted that the key role played 
by scattering efficiency in this context is a direct consequence of the relatively short 
wavelengths used, which require comparatively small (and therefore lossy) nanocylin-
ders. For the same reason, even larger enhancements should be expected using similar 
arrays with samples emitting at longer wavelengths. 
Another important feature of the transmission spectra of Fig. 4·12 is the appear-
ance of a higher order shorter-wavelength plasmonic excitation. This resonance may 
also couple to the light emitting excitons in the QWs and therefore contribute to the 
PL-intensity enhancement, especially in the larger-diameter arrays . Furthermore, due 
to its spectral overlap with the pump wavelength of 375 nm, it is likely to cause some 
dissipation of the incident pump light in the PL measurements in addition to reflec-
tion and scattering back into the QWs. As a result , the aforementioned estimate of 
the pumping-efficiency correction factor fr e fl based on the transmission data should 
be regarded as an upper limit. Incidentally, in the case of the arrays of Figs. 4·11 and 
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4·12 this estimate of fr efl is found to vary over the small range 1.1-1.3. 
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H (red lines) and from nearby uncoated regions of the same sample 
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Finally, in Figs. 4·13 and 4·14 we show the PL and transmission spectra, re-
spectively, measured with three arrays of equal NP diameter D (160 nm) and equal 
nearest-neighbor spacingS (40 nm) but different NP height H (25, 55, and 100 nm) . 
As discussed in the previous section (Henson et al., 2009a), the plasmonic resonance 
of square arrays of Ag nanocylinders can be effectively blue-shifted by increasing 
the NP height, while at the same time maintaining small optical absorption losses. 
As a result, taller NPs in the present context can provide a more favorable trade-
off between the requirements of strong exciton/LSPR coupling and efficient LSPR 
scattering. These expectations are confirmed by the data of Figs. 4·13 and 4·14. 
Specifically, as the NP height is increased from 25 to 100 nm, the main plasmonic 
resonance wavelength shifts from about 765 to 665 nm, while the average PL-intensity 
enhancement factor rPL-I (listed in Fig. 4·13) increases from 2.1 to over 3.1. 
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Figure 4·14: Normalized transmission spectra of the same array ge-
ometries of Fig. 4·13 fabricated on a Si-doped GaN film on GaN and 
c-plane sapphire. Red arrows indicate the location of the LSPR of the 
NP array. Additional oscillations in these plots are due to Fabry-Perot 
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The latter value is the largest enhancement observed in all the arrays considered 
in this work; using the correction factor fr e fl = 1.3 estimated from the H = 100-nm 
transmission spectrum of Fig. 4·14, we obtain a lower bound for the plasmonic con-
tribution to this enhancement of over 2.5. Additional improvements may be possible 
using even taller NPs; however this has been limited by a decreasing yield in our liftoff 
process on the GaN surface with increasing metal thickness (particularly due to the 
small particle spacings involved), and will require further process development. 
4.2.4 Summary 
We have demonstrated plasmon-enhanced near-green light emission from InGaN/GaN 
QWs using Ag NP arrays fabricated by EBL. Several arrays with different NP dimen-
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sions were developed and used to produce large enhancements in peak PL intensity. 
The underlying physical mechanism is the resonant coupling between the QW exci-
tons and the NP plasmonic excitations (which was directly demonstrated and quanti-
fied via TRPL measurements), followed by efficient scattering of the emitted LSPRs 
into radiation. The experimental PL-intensity enhancement factors were found to 
vary over a wide range depending on the array geometry, e.g., from about 1.5 in the 
smallest-diameter array of Fig. 4·11 to over 3.1 in the largest-height array of Fig. 4·13. 
This observation highlights the importance of properly designing the array geometry 
for optimal light-emission efficiency enhancement. The arrays studied in this work 
can be integrated within a full LED device, e.g. , by epitaxial overgrowth, and there-
fore are promising for the development of solid-state light sources of highly improved 
efficiency. 
4.3 Plasmon-enhanced light emission based on lattice reso-
nances of silver nanocylinder arrays 
In this section, similar arrays are investigated, except that their period P is now 
extended to values comparable to or larger than the QW emission wavelength in the 
semiconductor Aem (Henson et al. , 2012), so that strong diffraction of the emitted 
light can occur. Depending on the period and angle of illumination, some of the 
first-order diffracted light in these arrays can propagate at grazing angles (i.e., in 
the plane of the array). As a result, large plasmonic oscillations can be excited in 
each NP by the in-phase addition of the incident light and the light diffracted by the 
other NPs in the array. This phenomenon produces strong lattice resonances of mixed 
plasmonic and photonic character (Carron et al., 1986; Kravets et al., 2008; Auguie 
and Barnes, 2008; Chu et al., 2008; Vecchi et al. , 2009; Auguie et al., 2010), which 
can be expected to be particularly favorable in the context of enhanced light emission 
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due to their larger scattering efficiency and larger spatial extension compared to 
LSPRs. Indeed, the maximum enhancement in peak luminescence intensity measured 
in the current work (about 4.8) is significantly larger than the values obtained with 
the nondiffractive arrays of the previous section (up to about 2.8) under otherwise 
identical conditions (i.e., same QW samples, equal NP height, etc.). An exemplary 
SEM image of an array fabricated in the present work is shown in Fig. 4·15(a). 
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Figure 4·15: (a) SEM image of a Ag NP array. (b) PL spectra mea-
sured with arrays of different period P and NP diameter D = P 40 
nm (red curves), and from nearby uncoated regions of the same sample 
(blue curves). (c) Same as (b) for P = 220 nm and D = 110 nm. 
As before, the array-coated samples were characterized via PL measurements, with 
the QW emission both photoexcited and collected through the sapphire substrate. 
The pump light was provided by a diode laser emitting at 375 nm. It should be 
noted that all the arrays investigated in this work feature high transmittance at this 
wavelength (> 75%) and, therefore, they cannot produce any significant increase in 
pump reflection into the QWs (Henson et al., 2010). 
The red curves in Fig. 4·15(b) are the PL spectra measured with five arrays of equal 
NP height H = 55 nm and equal nearest-neighbor spacing 8 = 40 nm, but different 
periods P in the range of 190 to 340 nm (and, therefore, different diameters D = 
P - 8). The blue curves are simultaneously measured emission spectra from nearby 
uncoated regions of the same sample. In each panel, both spectra are normalized 
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to the peak value of the blue trace. At the lowest array period considered in the 
figure, the PL peak intensity is enhanced relative to the uncoated-QW case by a 
factor TPL - I of about 2.8, consistent with the results of the previous section. As P 
is increased to 220 nm, TPL - I suddenly increases to a value of about 4.8 and then 
gradually decreases in larger-period arrays . If we assume a refractive index of 2.3 for 
the InGaN/GaN multiple-QW active medium, which is reasonable for this materials 
system at 495 nm including carrier-induced contributions (Leung et al., 1998), the 
peak emission wavelength in the semiconductor Aem is 215 nm. As the array period is 
increased past this value, grazing diffraction of the QW luminescence becomes enabled 
(Carron et al., 1986). Correspondingly, the QW light emitting excitons can couple to 
the array lattice resonances, leading to the large measured increase in TPL-I· 
Additional information about the NP array geometries under study can be ob-
tained from their transmission spectra. These are shown in Fig. 4·16, as measured 
with nominally identical arrays fabricated on bulk GaN films grown on sapphire 
(i.e., without the QWs that would otherwise provide strong optical absorption in 
the spectral range of interest). The main LSPR of the NPs manifests itself through 
a pronounced dip in each spectrum, which is found to redshift and broaden with 
increasing D (i.e. , increasing Pin these arrays) as expected for plasmonic dipolar res-
onances (Maier, 2007). The large spectral separation between these dips and the QW 
emission wavelength confirms that the PL-intensity enhancements of Fig. 4·15(b) can-
not be simply attributed to the excitation of such dipolar LSPRs. At the same time, 
additional resonances on the short-wavelength side of the dipolar dip are also seen 
in each spectrum of Fig. 4·16, some of which closely overlap with the QW emission 
wavelength. 
To further elucidate the PL measurement results , numerical simulations based on 
the FDTD method were carried out. In Fig. 4·17( a), we show results obtained for 
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Figure 4·16: Transmission spectra of the same array geometries of 
Fig. 4·15(b) fabricated on a GaN film grown on sapphire, normalized 
to the transmittance of the bare GaN/ sapphire substrate. 
the P = 220 nm array geometry of Fig. 4·15(b), for the simple case of plane-wave 
illumination at normal incidence with linear polarization along a primitive lattice 
vector of the array. The trace plotted in this figure is the average electric-field-
intensity enhancement spectrum produced by the NPs in the plane of the QWs, 
which is found to be dominated by a strong peak at a free-space wavelength of 510 
nm. This value is very close to the array period multiplied by the substrate refractive 
index used in the simulations (2.3), again indicating that the peak is associated with a 
lattice resonance of the array. Additional simulations with varying values of P and/ or 
varying angles of incidence confirm the presence of such resonances , while at the same 
time revealing a complex family of higher-order plasmonic excitations related to the 
large size of the NPs and their small spacing (which produces a topology resembling 
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Figure 4·17: (a) Average electric-field-intensity enhancement spec-
trum produced in the QWs by an NP array with P = 220 nm and 
D = 180 nm, under plane-wave illumination at normal incidence with 
linear polarization in the y direction. Insets: z and y components of 
the electric field at the wavelength of maximum enhancement, plotted 
versus position in the plane of the QWs within a unit cell of the array. 
The dashed circles show the NP outline. The z and y directions are 
indicated by the dot and arrow, respectively. (b) Same as (a) for an 
NP array with P = 220 nm and D = 110 nm. 
a periodic distribution of nanovoids). In the arrays under study, lattice resonances 
are, therefore, created through the strong excitation via diffractive coupling of these 
(otherwise weak) higher-order plasmonic oscillations. Correspondingly, as illustrated 
in Fig. 4·17(a) , large field enhancements are produced at wavelengths within the QW 
emission line shape, thereby increasing the QW radiative efficiency and output PL 
intensity. 
The color maps in the insets of Fig. 4·17(a) show the leading components of the 
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electric field at the lattice resonance wavelength (510 nm), calculated as a function 
of position in the plane of the QWs within a unit cell of the array, under the same 
excitation conditions as the main trace in the figure. These field distributions re-
veal a rather delocalized pattern with large enhancements both underneath and in 
between neighboring NPs. In contrast, dipolar LSPRs generally produce highly con-
fined field enhancements near the edges of the NPs (an example is shown in the inset 
of Fig. 4·17(b)). It should be noted that a relatively delocalized field distribution 
is advantageous in the current context , where we are dealing with a uniform ensem-
ble of light-emitting excitons across the entire sample area. Furthermore, the lattice 
resonance of 4·17(a) is obtained with significantly larger NPs compared to LSPRs 
at similar wavelengths, which is also very desirable because of the increase in NP 
scattering efficiency with increasing diameter (Maier, 2007). 
These considerations explain the particularly large PL-intensity enhancements 
observed in Fig. 4·15(b). Further insight into the underlying enhancement mechanism 
can be obtained from a comparison between the array of Fig. 4·17(a) and one with 
the same period P (220 nm) but smaller NP diameter D (110 nm). On the one hand, 
the latter array can be expected to provide stronger first-order diffraction because of 
its 50% duty cycle (i.e., D = P/2). On the other hand, as shown in Fig. 4·17(b), 
its electric-field-intensity enhancement spectrum is dominated by a broad peak at 
700 nm whose field distribution (plotted in the inset) reveals a purely dipolar LSPR 
nature, whereas the lattice resonance near 510 nm has almost completely disappeared. 
This behavior is expected for arrays of small NPs lying on the interface between two 
different media, where Fresnel reflection of grazing diffracted light can strongly quench 
the lattice resonances via destructive interference (Auguie and Barnes, 2008; Chu 
et al., 2008; Vecchi et al., 2009; Auguie et al., 2010). In contrast, in the case of 
larger NPs, as in Fig. 4·17(a), phase variations across the NPs can partly prevent this 
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quenching (Auguie et al., 2010). Experimentally, arrays based on the geometry of 
Fig. 4·17(b) have also been fabricated on the same QW samples and tested; as shown 
in Fig. 4·15(c), a relatively modest PL-intensity enhancement of only about 2.1 was 
correspondingly measured. We can therefore conclude that the large enhancements 
reported in this work cannot be ascribed to efficient diffraction alone (i.e. , increased 
extraction of in-plane emitted light). Rather, the key attribute is a pronounced 
lattice resonance near the emission wavelength, which can strongly couple to the 
QW excitons and increase their light-emission efficiency. Proper choice of both NP 
diameter and array period is critical to maximize the strength of this process. 
4.4 Dispersion engineering of coupled metallic nanoparticle-
Film Systems 
4.4.1 Introduction 
In this section, I will describe the coupling of SPPs supported by an ultrathin metal 
film with LSPRs of a nearby NP array, as investigated via extensive measurements 
and simulations (DiMaria and Faiella, 2012). A similar configuration is employed in 
the next section to demonstrate plasmonic collimation and beaming of luminesence. 
In general, both SPPs and LSPRs have been the subject of extensive research in recent 
years (Maier, 2007), due to the unique advantages that they provide over dielectric-
based photonic excitations. SPPs are propagating surface charge oscillations at the 
interface between a metal and a dielectric that result in a deep sub-wavelength con-
finement of the electromagnetic fields near the interface. In practice, momentum 
matching components such as prisms or gratings are required to couple these modes 
with free-space radiation. LSPRs are resonant oscillations of the electron gas in metal-
lic NPs that result in highly localized electromagnetic fields in the NPs near-field zone. 
The LSPR wavelength is dependent upon the NP size, shape, and composition and 
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on the permittivity of the surrounding dielectric medium. SPPs and LSPs have been 
employed in many applications that leverage the properties of subwavelength con-
finement accompanied by spectral tunability, including Raman spectroscopy, light 
emission efficiency enhancement , and ultra-compact optical waveguides. Recently, 
the interaction between the LSPs of a two-dimensional NP array and the SPPs sup-
ported by a nearby metal-dielectric interface has been studied (Cesario et al. , 2005; 
Ghoshal and Kik, 2008; Chu and Crozier, 2009; Ghoshal et al., 2009; Chu et al., 2010) 
as the combination of these two basic excitations can provide additional degrees of 
freedom for fundamental studies and applications. 
In this configuration, the NP array provides additional in-plane momentum to 
incident light that allows it to couple with the SPP modes, as required, e.g., for 
light injection into and extraction from plasmonic waveguides (Ghoshal and Kik, 
2008). Additionally, the spatial and spectral overlap between LSPs and SPPs can 
produce an anticrossing in the plasmonic dispersion curves and geometrically tunable 
mixed resonances, which have been exploited recently for the demonstration of doubly 
resonant Raman spectroscopy (Chu et al. , 2010). These previous reports have focused 
on the coupling between LSPs and a single branch of SPP modes supported by a 
single metal-dielectric interface. In the present work, we consider instead the use of 
very thin metal films embedded in a symmetric dielectric environment (and again 
positioned in the near-field of a NP array) , where the NP LSPs can simultaneously 
couple to SPP modes associated with charge-density waves on both surfaces, leading 
to a particularly rich dispersion behavior. 
A schematic cross-sectional view of the investigated geometry is shown in 
Fig. 4·18(a), where both the metal (Ag) film and the overlaying dielectric (ZnS) layer 
have nanoscale thicknesses. In this geometry, the SPPs on the top and bottom sur-
faces of the Ag film are strongly coupled to each other, resulting in a large splitting 
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Figure 4·18: (a)Schematic cross section of the sample geometry stud-
ied in this work, and field intensity profiles of the odd and even SPP 
modes at a free-space wavelength of 500 nm, calculated for the case of 
a 20-nm-thick Ag film and a 50-nm-thick ZnS layer. (b) SEM image 
of a Ag NP array fabricated on a Ag/ZnS film combination on a GaN 
substrate. 
of their dispersion curves and in the formation of even and odd hybrid modes. Ex-
amples of the intensity profiles of these SPP modes are plotted in Fig. 4·18( a), as 
calculated at a free-space wavelength of 500 nm using a transfer-matrix approach 
(Henson et al., 2008). The odd modes extend spatially across the entire structure in-
cluding the Ag NP array, where they can further couple to the NP LSPs leading to an 
additional anticrossing in the plasmonic dispersion spectrum. At the same time, they 
also feature substantial (and geometrically tunable) penetration into the substrate, 
where a waveguide or optoelectronic active layer designed to operate at similar wave-
lengths may be located. The latter property provides an important advantage of the 
present geometry over coupled LSPR-SPP systems involving a single metal-dielectric 
interface. With this aim in mind, the substrate material used in the present work 
is GaN, which provides a convenient platform for the development of visible-range 
photonic devices (such as light emitters and solar cells) that may strongly benefit 
from plasmonic interactions (Okamoto et al., 2004; Kwon et al., 2008; Henson et al. , 
2010; Pryce et al., 2010; Henson et al. , 2012) . ZnS is utilized as the dielectric spacer 
layer because of its close refractive-index match to GaN (which enables a particularly 
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strong coupling between the SPP modes supported by the two metal surfaces), in 
addition to ease of fabrication and low optical losses at visible wavelengths. The 
resulting plasmonic dispersion curves can be geometrically tuned by varying the Ag 
and ZnS film thicknesses, as well as the NP geometry. The structure of Fig. 4·18(a) , 
therefore, provides an attractive ultracompact system for the coupling of substrate-
embedded optoelectronic/plasmonic devices to free space radiation with high angular 
tunability (Cesario et al., 2007). 
4.4.2 Experimental and Simulation Methods 
In order to study the plasmonic dispersion properties of these systems, several square-
periodic NP arrays of different period A were fabricated on the same Ag/ZnS film 
combination deposited on a GaN substrate, and then tested via broadband trans-
mission measurements at normal incidence. Each array can provide the additional 
in-plane wavevector karray = ~ Jp2 + q2 to the incident light , where p and q are 
integers determining the diffraction order. As a result, incident photons of suitable 
energy (depending on A) can be diffractively coupled into even and odd SPP modes 
guided by the Ag film, leading to well defined minima in the sample transmission 
spectrum. At the same time, the incident light can also be directly attenuated by 
the NPs via absorption and scattering in the spectral vicinity of their LSPR. By 
plotting the energies of the measured transmission minima as a function of the array 
wavevector karray, the full dispersion relation of the coupled NP-film system can then 
be reconstructed. 
Three Ag film thicknesses (15, 20, and 25 nm) and three ZnS film thicknesses 
(50, 75, and 100 nm) were studied, resulting in a total of nine film combinations, 
in order to fully demonstrate the ability to engineer the plasmonic dispersion prop-
erties of these systems. To fabricate each sample, a 2.5-nm-thick Ni adhesion layer 
and the Ag thin film are first deposited on an RCA-cleaned GaN substrate using 
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electron beam evaporation. The ZnS spacer layer is then formed over the Ag film 
using thermal evaporation, which is followed by fabrication of the NP arrays based 
on EBL and liftoff. In each array, the Ag NPs have cylindrical shape with 100-nm 
diameter and 30-nm height and include a 2.5-nm-thick bottom adhesion layer made of 
Ni. The array periods (ranging from 170 nm to 430 nm) and the NP dimensions were 
characterized using SEM ; an exemplary SEM micrograph is shown in Fig. 4·18(b). 
The optical transmission measurements were conducted for each NP-film geometry 
using broadband illumination at normal incidence with unpolarized light from a deu-
terium tungsten halogen source. In these measurements, the samples are mounted on 
a piezo-controlled stage, allowing each array (whose overall dimensions are 50 x 50 
p,m2 ) to be probed individually. Two long-working-distance 20 x objectives are used 
to focus the incident light on each array and to collect the transmitted signal, which 
is then analyzed with a fiber-coupled Ocean Optics USB-4000 grating spectrometer. 
Finally, the transmission spectra measured with the NP-film samples are normalized 
to the spectrum of the same Ag/ZnS film combination in the absence of the NP 
arrays, where no plasmonic modes can be excited. 
Numerical simulations based on the FDTD method were also conducted for each 
NP-film geometry investigated, using a commercial software package (Lumerical So-
lutions, 2013). In these calculations, the simulation region comprises a unit cell of the 
NP array (including the underlying ZnS and Ag films and the GaN substrate) , with 
perfectly matched layers on the top and bottom boundaries and periodic boundary 
conditions in all other directions. The Ag, GaN, and ZnS layers are modeled with 
dielectric functions interpolated from tabulated experimental data 
4.4.3 Results and Discussion 
Eight representative experimental-transmission and theoretical-absorption spectra are 
shown in Fig. 4·19 for NP-film structures with a 20-nm-thick Ag film and two different 
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ZnS layer thicknesses (50 nm in Figs. 4·19(a) and (b), 75 nm in Figs. 4· 19(c) and 
(d)). The four spectra in each panel are offset relative to one another in the vertical 
direction for clarity and correspond (from the bottom to the top trace) to increasing 
values of the array period listed in the figure caption. Each experimental transmission 
spectrum has been low-pass filtered to minimize high-frequency components due to 
spectrometer noise or Fabry-Perot oscillations in the GaN substrate. 
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Figure 4· 19: Experimental transmission spectra [(a) and (c)] and cal-
culated absorption spectra [(b) and (d)] of the geometry of Fig. 4·18( a) 
for different combinations of the relevant design parameters. In all 
panels, the Ag film thickness is 20 nm and the Ag NPs have 100-nm 
diameter and 30-nm heighL In (a) and (b), the ZnS film thickness is 
50 nm and the NP array period is 190, 210, 230, and 250 nm (from the 
bottom to the top trace). In (c) and (d), the ZnS film thickness is 75 
nm and the NP array period is 250, 280, 310, and 340 nm (from the 
bottom to the top trace) . 
Three separate transmission minima can be identified in each experimental spec-
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trum of Fig. 4·19(a), as indicated by the arrows. By comparing their spectral position 
versus array period with the calculated plasmonic dispersion curves (see Fig. 4·20), 
these minima are found to correspond, in order of increasing wavelength, to the ex-
citation of a mode whose character is predominantly that of an odd SPP of the Ag 
film, that of the LSPR of the NP array, and that of an even SPP. Specifically, the 
relevant SPP modes here are those with wavevector 27r /A, which can be excited by 
the normally incident light via first-order diffraction by the NP array. As the array 
period is increased, the SPP absorption features shift to longer wavelengths, deter-
mined by the diffractive coupling condition and the multilayer dispersion relations. 
Interestingly, the transmission dip associated with the LSPR is also found to red-shift 
with increasing period, mostly due to the strong coupling between LSPs and SPPs in 
the systems under study. The spectra of Fig. 4·19 (a) also reveal a large difference in 
linewidth between the even and odd SPP features, which is a direct consequence of 
their widely different absorption losses (with the odd modes generally having much 
longer propagation lengths and correspondingly narrower transmission dips). The 
LSPR features are relatively broad, which is partly attributed to the small interpar-
ticle spacings of the investigated arrays (Haynes et al., 2003). The corresponding 
theoretical absorption spectra of Fig. 4·19(b) are in generally good agreement with 
the experimental data, with regards to the number and spectral properties of the 
features observed. 
Similar considerations apply to the experimental spectra of Fig. 4·19(c), with the 
additional presence of two other transmission minima indicated by the dashed arrows. 
One of these new features (i.e. , the broad dip close to the LSPR) also appears in the 
theoretical absorption spectra of Fig. 4·19(d), and is due to the excitation of the even 
SPP mode with wavevector 2.J2i/A via second-order diffraction (with p = q = 1) of 
the incident light. The other, much narrower, additional dip is attributed to a grating-
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coupled odd SPP resonance for vertically polarized light (i.e., with the optical field 
perpendicular to the substrate surface) (Ghoshal et al., 2009). In our experiments, the 
incident light contains a small but nonnegligible vertical polarization component as it 
is focused onto the sample by a high-numerical-aperture objective lens and, therefore, 
can excite such resonance. In contrast , in the FDTD simulations, the incident light 
is a plane wave at normal incidence, so that its vertical component is strictly zero 
and no such resonance is computed. The center wavelength of this new transmission 
dip is close to, but slightly shifted from, that of the main odd-SPP feature, which 
originates from diffraction of the horizontally polarized incident light and, therefore , 
can couple and anticross with the spectrally nearby horizontally polarized LSPR. Its 
narrow linewidth is again attributed to the long lifetime of the odd SPP modes. In 
Fig. 4·19(a), both additional features just described are likely masked by the nearby 
broad LSPR transmission minima and, therefore , cannot be resolved. 
In Fig. 4·20, we show the plasmonic dispersion curves of all the structures investi-
gated in this work, corresponding to the aforementioned nine Ag/ZnS film thickness 
combinations. These traces were constructed by plotting the photon energies of the 
experimental transmission minima (symbols) and of the simulated absorption maxima 
(solid lines) as a function of 2n /A. SPP modes excited via second- or higher- order 
diffraction, while present in some of the experimental and theoretical spectra, are 
omitted from these plots for simplicity. Three branches are obtained for each struc-
ture, which are labeled as even SPP, odd SPP, and LSPR based on their asymptotic 
character in the limit of no NP-film coupling. In reality, such coupling can be quite 
strong in the structures under study, particularly in the vicinity of the anticrossing 
between the odd-SPP and LSPR branches, and as a result many of the excited plas-
monic modes have a hybrid LSPR/SPP character. The overall agreement between the 
experimental and theoretical data shown in Fig. 4·20 is fairly good. Possible sources 
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Figure 4· 20: Experimental (symbols) and theoretical (solid lines) plas-
monic dispersion curves of the geometry of Fig. 4·18(a) for different 
combinations of the relevant design parameters. In all panels , the Ag 
NPs have 100-nm diameter and 30-nm height, and the NP array period 
A is related to the in-plane wavevector k according to the first-order 
diffraction condition k = 2n / A. The ZnS film thickness is 50 nm [pan-
els (a), (b) , (c)], 75 nm [(d) , (e) , (f)], and 100 nm [(g) , (h) , (i)]. The 
Ag film thickness is 15 nm [panels (a), (d), (g)], 20 nm [(b), (e), (h)], 
and 25 nm [(c) , (f), (i)]. 
of discrepancy include experimental uncertainties in the NPs and films dimensions, 
surface roughness, and the use of bulk dielectric functions to model nanostructures 
in the FDTD simulations . 
Two properties of the dispersion maps plotted in this figure are particularly sig-
nificant and should be emphasized. First, a large energy separation between the even 
and odd SPP branches is observed, which decreases with increasing Ag film thickness 
109 
tAg (e.g., see Fig. 4·20(d), (e) , and (f) for tAg = 15, 20, and 25 nm]. This splitting 
indicates strong coupling between the SPP modes supported by the top and bottom 
surfaces of the Ag film, which in the limit of large tAg have nearly overlapping dis-
persion curves due to the similar refractive indexes of GaN and ZnS. Second, a clear 
anticrossing between the odd-SPP and LSPR branches is also observed, caused by 
the strong spatial and spectral overlap between the underlying excitations. The size 
of this anticrossing gap can, therefore, be controlled by varying the thickness tzns of 
the ZnS spacer between the Ag film and the NPs (e.g. , it substantially decreases in 
going from Fig. 4·20(b) to (e) to (h) as tzns is increased from 50 to 75 to 100 nm]. At 
the smallest measured tzns of 50 nm, the LSPR/odd-SPP coupling is so strong that 
the resulting anticrossed dispersion curves appear as nearly parallel to each other. In 
contrast, no indications of anticrossing between the even-SPP and LSPR branches 
are observed, even as these two branches approach each other in the limit of large 
wavevectors. The reason is that in this limit all SPP modes are increasingly localized 
to the supporting Ag film, and therefore, their spatial overlap with the overlaying NP 
array becomes negligibly small. 
4.4.4 Summary 
We have presented a detailed experimental and theoretical study of the plasmonic 
properties of ultrathin Ag films embedded in a symmetric dielectric environment 
and strongly coupled to nearby Ag NP arrays. Specifically, the plasmonic dispersion 
curves of these systems have been measured for various combinations of their key 
geometrical parameters, and numerical simulations have been carried out to help 
identify their physical nature. Propagating SPPs associated with both even and 
odd charge oscillations on the two surfaces of the metal film have been observed, 
with the latter modes featuring relatively narrow linewidths indicative of reduced 
propagation losses. Furthermore, a strong mixing between these odd SPPs and the 
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LSPR resonances of the nearby NP array has been obtained, as evidenced by the 
large anticrossing of their respective dispersion curves. These results clearly indicate 
that coupled metal NP-film systems can be developed that support widely tunable , 
hybrid LSPR/SPP excitations with strong coupling to free-space radiation and at 
the same time substantial penetration depth into the substrate. These properties are 
attractive for the development of plasmon-enhanced optoelectronic devices that can 
be diffractively-coupled to free space in a highly controllable fashion, as demonstrated 
in the next section. 
4.5 Plasmonic Far-field Beaming of Wide-area Emitter Lu-
. 
m1nesence 
4. 5.1 lntrod uction 
The far-field radiation pattern of an optical emitter, which describes the directional 
dependence of its output light intensity, is a fundamental property with important 
practical implications. In the case of a continuous distribution of randomly oriented 
dipoles near a planar surface, which provides an accurate description of many lumi-
nescent devices of interest, light is emitted isotropically in all directions, leading to a 
broad Lambertian (i.e., cosine-law) distribution in the far field. Enhanced directional-
ity is commonly obtained using external optical elements (e.g., lenses, curved mirrors, 
and diffraction gratings), whose bulky nature however provides critical limitations, 
particularly with regards to spatial resolution. Metallic nanostructures directly fab-
ricated on the emissive surface offer new opportunities to overcome these limitations, 
by virtue of the highly localized nature of their plasmonic excitations and their strong 
coupling to luminescence processes (Maier, 2007; Bharadwaj et al., 2009). As dis-
cussed earlier in this thesis, the radiative decay rate of light emitters located within 
the near field of these nanostructures can be strongly increased through the excitation 
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and subsequent scattering of resonant plasmonic oscillations (Shimizu et al., 2002; 
Song et al., 2005; Kuhn et al., 2006; Mertens et al., 2006; Tam et al., 2007; Kinkhab-
wala et al., 2009; Pfeiffer et al., 2010; Lozano et al., 2013). Under these conditions, 
the far-field properties of the emitted light are then determined by the nature of the 
plasmonic excitations involved in the emission process, rather than of the original 
radiating species. 
In this work, we investigate the use of plasmonic nanoantenna arrays to control 
the far-field radiation pattern of Lambertian light emitting samples of arbitrary spa-
tial extent. Within this context, we demonstrate a key beam shaping functionality, 
namely the ability to generate a well collimated optical beam that emerges from the 
sample surface along a single geometrically tunable direction (off-axis unidirectional 
beaming). The underlying physical mechanism involves the excitation of propagat-
ing SPPs on an ultrathin metal film, which are then diffractively scattered by an 
array of asymmetric metallic NPs periodically arranged on the film. By tailoring the 
shape of these NPs, we show that forward diffractive scattering can be suppressed in 
favor of backward diffraction (or vice versa), thereby enabling the demonstration of 
single-beam emission along arbitrary predefined directions. 
These results build on prior work where metallic or dielectric diffraction gratings 
were employed to directionally out-couple in-plane guided modes from LEDs, lasers, 
or even thermal emitters (Boroditsky et al., 1999; Erchak et al., 2001; Greffet et al., 
2002; Rattier et al., 2002; Cesario et al., 2007; Wierer et al., 2009; Kurosaka et al., 
2010). However, in all these reports only symmetric radiation patterns were produced, 
consisting of either a single beam along the sample surface normal, or of two or more 
directional beams at equal and opposite angles. In contrast, in the present work we 
show that the shape of the unit cells can be designed to selectively enhance emission 
towards one side of the grating relative to the other, so as to produce unidirectional 
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beaming at oblique angles. This approach is also fundamentally different from re-
cent reports of plasmonic beam shaping from nanoscale sources (such as individual 
molecules and quantum dots) or otherwise highly localized emissive areas, which rely 
instead on an optimized positioning of the emitter relative to a single antenna or 
metallic grating (Taminiau et al., 2008; Yu et al., 2008; Curto et al., 2010; Jun et al., 
2011 ; Aouani et al., 2011; Zhu et al., 2012). In contrast, the present approach can 
be applied to a continuous dipole distribution over an arbitrarily wide sample area 
(including the characteristic dimensions of typical optoelectronic devices) , thanks to 
the extended nature of the SPPs involved in the beamed emission. 
4.5.2 Sample Design 
The same light emitting material described in Sec. 4.2 has been used in this work , con-
sisting of three 2-nm-thick InGaN QWs separated by 5-nm-thick GaN barriers, grown 
by molecular beam epitaxy on a GaN template on sapphire. As mentioned earlier 
this family of semiconductor materials in general has important optoelectronic device 
applications, such as visible LEDs, which could benefit strongly from the unique prop-
erties of plasmonic excitations. In fact, the use of metallic nanostructures to enhance · 
the radiative efficiency of InGaN LED materials has already been widely investigated 
(Gontijo et al., 1999; Okamoto et al., 2004; Khurgin et al., 2008; Kwon et al., 2008; 
Yeh et al., 2008; Henson et al., 2010; Henson et al., 2012) , including in some of the 
work presented in this thesis. The samples employed in the present work provide 
emission centered around 495 nm in the blue-green spectral region. In the absence of 
plasmonic interactions, their radiation output is relatively unpolarized with an IQE 
of about 8%, and their surface emission features a characteristic Lambertian profile. 
To enable plasmonic collimation and beaming, the sample top surface is coated with 
an ultrathin Ag film deposited by electron-beam evaporation, which is then used as 
the substrate for the subsequent fabrication of the NP arrays via EBL, Ag evapora-
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tion, and liftoff. The end result is essentially the same coupled NP-film system in the 
previous section, without the dielectric spacer for simplicity. The InGaN QWs in the 
active layer are only capped by a very thin (5 nm) epitaxial layer (i.e., the topmost 
GaN barrier), so that they all lie within the near field of the overlaying Ag film. 
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Figure 4·21: Plasmonic nanostructures designed to provide beaming 
of luminescence (a) along the sample surface normal, (b) along two 
equal and opposite directions, and (c) along a single oblique direction. 
(d), (e), (f) SPP mode distribution on the kxky reciprocal plane (solid 
red circle) and its replicas created by first-order diffraction (dashed red 
circles) in the structures of (a) , (b), and (c), respectively. The thicker 
line segments indicate the SPP modes diffracted inside the light cone of 
free space (whose boundary is shown by the dotted blue line) . The faint 
lines in (f) represent diffracted modes with negligibly small amplitude. 
As shown in the previous section, in this basic geometry (illustrated schematically 
via three examples in Figs. 4·21(a)-(c)), the available plasmonic excitations are derived 
from the SPPs guided at the two surfaces of the film and from the LSPRs of the NPs 
(although the latter modes here are spectrally detuned from the QW emission). In the 
samples investigated in this work, we use ultrathin ( 40-nm) Ag films with no dielectric 
spacer layer between the film and the overlaying array. As a result, the aforementioned 
basic excitations are strongly coupled to one another leading to the formation of 
hybrid plasmonic modes (Chu and Crozier, 2009; Ghoshal and Kik, 2008; DiMaria 
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and Faiella, 2012) . Collimation and beaming in these samples relies on the excitation 
by the QW electron-hole pairs of plasmonic modes that are primarily derived from 
the SPPs at the Ag-air interface. Due to their strong spatial coupling with the array 
NPs, these modes can be diffractively scattered into free-space radiation with high 
efficiency. At the same time, due to their hybridization with the SPPs at the Ag-GaN 
interface, the same modes also feature appreciable spatial overlap with the QWs and 
therefore can be efficiently excited by the radiating electron-hole pairs. As a result, 
they also provide an effective means for the extraction of luminescence across the 
metal film (Cesario et al., 2007). 
The ability to obtain highly directional emission from these SPPs (as opposed to 
directly radiated photons) is related to the in-plane orientation of their wavevector 
and its constant magnitude kspp at the QW emission wavelength .A0 . To introduce 
the proposed nanostructures , it is instructive to begin with the simple case of a one-
dimensional grating, as shown in Figs. 4·21(a) and (b). If the grating period A is 
chosen so that 27r I A ~ kspp , first-order diffraction of the excited SPPs results in 
(one-dimensional) beam collimation along the sample surface normal (Fig. 4·21(a)). 
This process is detailed in Fig. 4·21(d), where kx and ky are the in-plane wavevec-
tor components, and the concentric circles of radii k0 = 27r I .A0 and ksPP represent, 
respectively, the boundary of the free-space light cone and the set of excited SPP 
modes. Through first-order diffraction, the SPP wavevector can be shifted by the 
amount ±27r I A along the x direction (perpendicular to the grating lines) , as shown 
by the dashed circles in the figure. If 27r /A ~ kspp, the SPP modes diffracted inside 
the light cone and therefore efficiently coupled to free-space radiation (drawn with 
a thick line) are all mapped near the ky axis. As a result , the energy carried by 
these modes is radiated in a well collimated beam with negligibly small divergence 
with respect to the y-z plane. Vice versa, if the grating period is detuned from the 
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SPP wavelength 27r/kspp, the SPP modes diffracted into the light cone retain a non-
negligible x component of their wavevector, as shown in Fig. 4· 21 (e). In this case 
(Fig. 4·21(b)), diffraction of forward and backward propagating SPPs leads to the 
emission of two output beams along equal and opposite angles with respect to the y-z 
plane, given by 
e . _1 (kspp- 27rmA) ±m = ±szn ko ( 4.2) 
with m = 1 for first-order diffraction. 
Within this framework, more complex array geometries can then be used to ob-
tain single-beam plasmonic collimation along geometrically tunable oblique directions. 
Specifically, if grating lines with an asymmetric shape in the x direction are employed 
(e.g., as the lines of triangular NPs in Fig. 4· 21 (c)), backward diffractive scattering 
can be enhanced relative to forward diffraction (or vice versa), leading to predominant 
emission along a single direction. It should be emphasized that the array geometry 
here is designed explicitly to introduce a strong asymmetry in the scattering cross 
section of the individual unit cells (as opposed to selectively suppress specific diffrac-
tion orders as reported by (Martins et al., 2012)) , which is essential in order to enable 
off-axis unidirectional beaming. The underlying mechanism is illustrated schemati-
cally in Fig. 4·21(f) , where the faint lines represent diffractively scattered waves with 
negligibly small amplitude. These arrays could be described as an ultrathin planar 
implementation of a blazed grating, designed to operate with SPPs and suitable for 
integration with light emitting devices on a scale that could not be achieved with 
bulk optics. A similar geometry (i.e., an array of triangular holes in a metal film) has 
also been proposed recently as a means to enable the asymmetric excitations of SPPs 
with external light at normal incidence (Bai et al., 2009). 
In our experiments, the far-field radiation patterns of all these samples (i.e., emit-
ted light intensity versus angle B) were obtained via angle-resolved PL measurements , 
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with the sample region underneath the array pumped at normal incidence through the 
backside using a 375-nm diode laser. The resulting PL signal was then measured from 
the metal-coated top surface, with the collection optics rotated about the excitation 
spot, as explained in Sec. 3.3.4. The same radiation patterns were also computed 
with FDTD simulations based on the principle of reciprocity (Potton, 2004). 
4.5.3 Results and Discussion 
One-dimensional Rectangular Gratings 
In this section we first present experimental and simulation results related to the far-
field radiation patterns of the one-dimensional rectangular gratings shown schemat-
ically in Figs. 4·21(a) and (b). Specifically, the measured samples consist of ape-
riodic repetition of parallel Ag ridges , having width equal to half the period (so as 
to maximize the first-order diffraction strength) and 30-nm height , fabricated on a 
40-nm-thick Ag film on the light-emitting surface . 
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Figure 4·22: Plasmonic collimation and bidirectional beaming with 
a one-dimensional periodic array of rectangular Ag ridges on an ultra-
thin Ag film. (a) Experimental p-polarized far-field radiation patterns 
measured with four arrays of different period. (b) Numerical simula-
tion results for similar array geometries. All traces in (a) and (b) are 
normalized to their peak values. (c) Experimental (red circles) and 
theoretical (black squares) beaming angles versus grating period. The 
solid line is a numerical fit of the experimental data to Eq. ( 4.2) for 
fhm in the text. Inset: top-view SEM image of a representative array 
(the scale bar is 600 nm). 
A top-view SEM image of one of these samples is shown in the inset of Fig. 4-22. 
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In Fig. 4·22(a) we show the p-polarized far-field intensity patterns measured with 
four samples of different grating period A in the range 400 - 600 nm. The expected 
behavior is clearly observed in these plots. For A = 400 nm, strong collimation along 
the sample surface normal is obtained, indicating that the corresponding grating 
wavenumber 2n /A closely matches kspp. A divergence angle as small as 12° (full 
width at half maximum) is obtained in this case; by comparison, a value of about 
120° is measured with the same QW samples without any metallic nanostructure , as 
shown in Fig. 4·24. At larger grating periods, the far-field pattern consists of two 
output beams propagating along equal and opposite angles 8±1 , whose absolute value 
increases with increasing A. In all these grating samples, the s-polarized emission is 
found to be substantially weaker than the p component (by a factor of up to about 5), 
and as a result only adds a small pedestal to the overall intensity profile (see Fig. 4·24 
for more details). 
These data are well substantiated by our numerical simulation results. To illus-
trate, in Fig. 4·22(b) we plot the calculated far-field intensity profiles of four samples 
nominally identical to those of Fig. 4·22(a) , except that their periods have been 
slightly adjusted so as to produce the same angles of peak emission as in the experi-
mental data. Incidentally, it can be noted here that in the larger-period samples under 
study second-order diffraction of the excited SPPs is also possible (albeit quite weak), 
leading to the small peaks observed in the theoretical far-field patterns at larger an-
gles. The circles and squares in Fig. 4·22(c) represent, respectively, the experimental 
and theoretical first-order diffraction angles plotted as a function of grating period 
for a broader set of samples. The same behavior is observed in these two traces, 
with a small offset of about 40 nm in grating period, which is mostly attributed to 
uncertainties in the material and structural parameters used in the simulations. The 
data plotted in Fig. 4·22(c) are also in good agreement with a numerical fit based on 
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Eq. 4.2 for 8±1. as shown by the solid line in the figure. From this fit, we estimate a 
value of about 1.2 for the SPP effective index ksppfko, relatively close to the refrac-
tive index of air, which confirms that plasmonic beaming in these structures involves 
SPP modes that are mostly guided at the Ag-air interface. Finally, we note that 
the experimental beam profiles generally tend to be broader than their theoretical 
counterparts, likely due to fabrication imperfections and to the native roughness of 
the semiconductor sample surface. 
Triangular Unit Cell Gratings 
Next we present experimental and simulation results related to the far-field radiation 
patterns of the asymmetric arrays shown schematically in Fig. 4·21(c). As illustrated 
by the SEM image of Fig. 4·23(a), these arrays developed in this work consist of 
Ag NPs having the shape of x-oriented isosceles triangles, partly overlapping in the 
y direction (patterned on an ultrathin Ag film on the light-emitting surface). The 
asymmetry in their scattering cross-section along the x direction is governed by the 
triangles size and shape, which can be specified by means of the geometrical pa-
rameters a and w defined in Fig. 4·23(a). Their mutual overlap, quantified by the 
parameter CJ , is advantageous for the purpose of increasing the overall diffraction 
strength. 
In the polar plots of Figs. 4·23(b)-(d) we show the measured p-polarized far-field 
intensity patterns of three samples featuring the same nanoantenna array geometry 
(with w = 410 nm, CY = 50 nm, a = 68°, 60-nm particle height , and 40-nm film 
thickness) except for different periods A in the range of 500 to 600 nm. As before, 
the s-polarized emission of these samples is substantially weaker than the p-polarized 
component. Strongly asymmetric radiation profiles are clearly obtained from these 
structures, with most of the output light emitted in a single beam at a nonzero angle, 
which can be tuned by changing the grating period A. 
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Figure 4·23: Plasmonic off-axis unidirectional beaming with the Ag 
nanoantenna arrays of Fig. 4·21(c). (a) SEM image of a representa-
tive sample (the scale bar is 500 nm). (b), (c), (d), (e) Experimental 
p-polarized far-field radiation patterns measured with four different ar-
rays. (f), (g), (h), (i) Numerical simulation results for the same array 
geometries of (a), (b), (c), and (d), respectively. The solid black and 
dashed red arrows indicate the diffraction angles (}±1 and (}±2 , respec-
tively, as obtained from numerical fits. 
A more detailed understanding can be obtained from the corresponding FDTD 
simulation results plotted in Fig. 4·23(f)- (h) . These theoretical radiation patterns 
reveal the presence of several peaks associated with different diffraction orders (in-
cluding weak contributions near (} = 0° that also involve the array periodicity in the 
y direction). The dominant emission peak is generally due to first-order diffraction 
along x whereby the SPP wavevector increases by 2n /A in the positive x direction. At 
the same time, second-order diffraction along x whereby the SPP wavevector decreases 
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by 47r j A also produces an emission peak of comparable size at a nearby angle. To con-
firm this interpretation, the solid and dashed arrows in Figs. 4·23(f)-(h) indicate the 
diffraction angles e±l and e±2, respectively, as obtained by fitting the peak-emission 
angles of these figures to Eq. 4.2 for e±m, with the SPP effective index ksppjk0 used 
as the fitting parameter. As shown by these arrows, increasing the array period causes 
the first-order and second-order contributions to move to larger and smaller angles, 
respectively. For A close to 600 nm, the two peaks overlap, leading to particularly 
narrow beaming, which is also observed in the experimental data. The SPP effective 
index obtained from these fits (about 1.3) is relatively close to the refractive index of 
air, which again confirms that plasmonic beaming in these structures involves SPP 
modes mostly guided at the Ag-air interface. 
The beaming angles in these structures are ultimately determined by the interplay 
between the diffraction response of the array and the scattering cross section of the 
individual NPs, which also features a strong angular dependence due to the particles 
asymmetric shape. Incidentally, the latter contribution (which is clearly not included 
in Eq. 4.2 for e±m) explains the small discrepancy between some of the arrows in 
Figs. 4·23(f)-(h) and the corresponding angles of peak emission. In Figs. 4·23(b)-
(d) , an experimental tuning range of about -38° to -25° is demonstrated based on 
the specific triangular geometry considered so far, by only varying the array period 
A. This range can also be extended by changing the shape of the triangles. To 
illustrate, in Fig. 4·23(e) we show data measured with nanoantennas having the same 
geometrical parameters as those of Figs. 4·23(b)-(d), except for a larger value of a 
(80° instead of 68°). Asymmetric emission peaked at a substantially smaller angle 
( -15°) is obtained from this sample, consistent with the numerical simulation results 
plotted in Fig. 4·23(i). 
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Intensity Comparison 
Finally, we address the question of how the sample luminescence intensity is affected 
by the plasmonic nanostructures developed in this work. In Figs. 4· 24( a) and (b) we 
plot, respectively, the p- and s-polarized far-field radiation patterns of representative 
samples based on the geometries of Fig. 4·21(a) (solid line) and Fig. 4·21(c) (dotted), 
together with those of the same QW material coated only with a 40-nm-thick Ag film 
(dashed) and without any coating (dash-dotted). 
M . . ....... Triangular nanoantennas 
- - - Ag fi.lm only 
--One-dimensional gtating - ·- · Bare OW sample 
Figure 4·24: . Far-field radiation patterns with and without plasmonic 
beaming. (a) Experimental p-polarized radiation patterns measured 
with the plasmonic nanostructures of Fig. 4·21(a) (solid red line) and 
Fig. 4·21(c) (dotted black line) , compared to those of the bare QW 
sample (dash-dotted blue line) and of the same sample coated only 
with a Ag film (dashed green line). (b) Same as (a) for s-polarized 
light. 
All traces were measured from the same region of the QW wafer with the same 
procedure, and the vertical scale is the same in the two plots. In the absence of any 
metallic nanostructure, a broad Lambertian profile is observed as expected. The Ag 
film by itself causes a substantial reduction in output intensity for both polarizations, 
since it provides no mechanism to scatter the excited SPPs into radiation (other 
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than its unintentional surface roughness). In contrast, with the diffractive arrays 
of Fig. 4·21, the p-polarized light intensity in the direction of peak emission is even 
increased compared to the bare-sample case. Vice versa, the corresponding s-polarized 
signals are substantially weaker, as they originate from the in-plane components of 
the excitonic dipoles, whose coupling to the Ag-film SPPs is much weaker than that 
of the out-of-plane component (Maier, 2007). As a result, in the film-grating samples 
the emission of p-polarized light is strongly enhanced at the expense of s-polarized 
radiation. In any case, in the direction of peak emission, the net output intensity (i.e., 
p plus s) produced by the beaming nanostructures developed in this work remains 
comparable to that of the bare sample, even though these structures involve light 
extraction across a continuous metal film. 
This behavior is related to the interplay among several competing effects. In 
the absence of plasmonic nanostructures, the external quantum efficiency of the QW 
sample is limited by nonradiative recombination and light trapping caused by total 
internal reflection. In the geometries of Fig. 4·21, excitation of the Ag-film SPPs 
provides a fast relaxation channel for the QW electron-hole pairs (particularly at the 
blue-green wavelengths used in this work (Gontijo et al., 1999)) , so that undesirable 
nonradiative recombination processes are largely suppressed. Furthermore, extraction 
of these SPPs via diffractive scattering is no longer limited by total internal reflection. 
Instead, the key limiting factor is provided by ohmic absorption losses in the metal, 
which can be significant for the modes that are predominantly guided at the Ag-GaN 
interface due to their limited overlap with the grating. The experimental results of 
Fig. 4·24 indicate that these competing effects are comparable in magnitude. As 
a result, directional control of light emission across the metal film can be achieved 
without any significant loss in output power. In fact, the energy coupled into the 
SPPs at the Ag-GaN interface could also in principle be efficiently extracted, with 
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the addition of a high-index dielectric coating on top of the film-array structure to 
promote phase matching and therefore hybridization of the SPPs at the two metal 
surfaces (Wedge and Barnes, 2004). With this arrangement, plasmonic beaming 
accompanied by light-emission efficiency enhancement could therefore be envisioned. 
4.5.4 Summary 
In conclusion, we have demonstrated plasmonic unidirectional beaming of lumines-
cence at geometrically tunable angles from Lambertian light emitting samples. This 
approach may open the way for new application opportunities in several areas of high 
technological significance, including solid-state smart lighting and highly multiplexed 
fl. uorescent sensing. Specifically, the nanostructures of Fig. 4· 21 (c) could be used for 
the development of highly integrated multiple-pixel luminescent devices where each 
pixel emits light along a different direction and can be driven independently, with 
a level of integration that would not be possible with the use of external optical 
elements for beam control. Similar geometries could also potentially be applied to 
all-dielectric systems (photonic crystals), although metallic nanostructures in general 
feature particularly large scattering cross sections and can simultaneously provide 
additional functionalities such as current injection. 
Chapter 5 
Conclusion 
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This thesis work involved a thorough investigation of the technique of plasmon-
enhanced light emission with two separate aims. The first aim concerns the enhance-
ment of the spontaneous emission rate and output light intensity of InGaN/GaN QW 
emitters. To this purpose, the tunability of the plasmonic resonances of metallic NPs 
was first studied in Sec. 4.1. Next, these structures were applied to a sample con-
taining InGaN/GaN QWs, and the resulting emission enhancement was thoroughly 
studied. In particular, it was demonstrated that the IQE could be enhanced by a 
factor of 4.8 in the case of 8% efficient samples. Due to the absorption losses of met-
als at optical wavelengths, the corresponding increase in PL intensity was reduced 
to values of about 3, which are already significant given the initial 8% efficiency. In 
general, the larger the initial IQE the smaller the maximum possible enhancement in 
output light intensity, and for sufficiently large IQE no enhancement can be obtained. 
The location of this transition point is still an open question, and depends upon the 
material composition and geometry of the structures involved. From what we have 
demonstrated, it is reasonable to expect enhancements in output light intensity for 
emitters up to about 40% initial IQE. 
In the presence of these NP arrays, the spontaneous emission is strongly enhanced 
in the regions of the InGaN/GaN QW layer within the LSPR "hot spots", located in 
a 10-nm-wide ring in the substrate below the edge of each NP. It was the effort of 
Sec. 4.3 to increase the mode overlap with the QW layer, as well as the NPs plasmonic 
125 
scattering efficiency, as a route to further enhance the PL intensity. Specifically, 
diffractive NP arrays supporting strong lattice surface modes were employed, leading 
to a maximum enhancement factor of nearly 5. and overall excitation of plasmons as 
a route to further enhance IQE. 
Continuous metal films supporting SPP modes (studied in Sec. 4.4) have higher 
area coverage of the QWs, and should intuitively provide a uniform spontaneous emis-
sion rate enhancement. Additionally, these systems are promising since they allow a 
decoupling of the Purcell enhancement caused by rapid decay into the SPPs of the 
metal film, and strong scattering by the LSPRs of a nearby NP array. However, with 
all systems involving SPPs there is a tradeoff between propagation length and field 
confinement that is material and geometry dependent. The propagation length is im-
portant for outcoupling SPPs coherently into free space, and strong field confinement 
is important for the enhancement of the emitter spontaneous emission rate. This fun-
damental trade-off requires careful engineering of the structure, and is constrained 
for realistic materials and geometries. 
A complementary approach to increasing the emitter-LSPR overlap is to tailor 
the shape of the local emitter to match the shape of the LSPR "hot spot" of an 
efficiently scattering NP. In this configuration, spontaneous emission enhancement 
would only occur for LSPR modes that can scatter efficiently into free-space, effec-
tively enhancing the antenna efficiency since heating caused by non-radiative antenna 
modes is minimized. Practically, precisely placed quantum dots are an ideal struc-
ture to study the effects of this enhancement. Preliminary theoretical calculations 
indicate that for example III-nitride-based quantum dots with reasonable initial IQE 
(25%) can be enhanced by factors of 2 or more in output light intensity if placed in 
the gap between two closely-spaced NPs. These calculations assume a great deal of 
control over the active region morphology (isolated quantum dots) and position of 
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the metal structures. Experimental exploration would be a fruitful, yet challenging 
research topic along the lines of (Curto et al., 2010), and could provide an additional 
approach to combining directional beam steering and IQE enhancement into a single 
compact structure. 
The second aim of this thesis was to explore the potential for beam steering by 
structures that support plasmonic excitations. In Sec. 4.5 an ultra-compact metal 
film-grating geometry was used to demonstrate efficient asymmetric beaming for po-
tential applications in fiuoresence sensing, "smart" lighting, and (by reciprocity) pho-
todetection. One limitation of the current design is that the SPP mode that is ex-
cited, scattered, and detected in our measurements does not strongly couple to the 
QW region within the substrate. Consequently, this geometry does not result in an 
enhancement of the overall output intensity (although the intensity in the direction 
of peak emission is already larger than that of the bare QW sample). 
Current and future work in the context of beam steering will attempt to increase 
the emitted intensity by more strongly enhancing the spontaneous emission rate of 
the QWs. This can be achieved by increasing the overlap of the SPPs with the active 
region. The optimal geometry in this respect is the one explored in Sec. 4.4, where 
a low-loss SPP mode overlaps strongly and symmetrically with a NP grating above 
the metal film and with the active region below. ZnS was explored as a possible 
dielectric-cap material due to its refractive index being roughly equal to that of GaN, 
and ease offabrication (thermal evaporation) . However during our PL measurements 
ZnS was found to be unsuitable for this purpose, since it is strongly absorbing (> 
25%) at the laser pump wavelength. This absorption results in heating beyond the 
melting point of Ag, destroying the NPs on the top surface of the ZnS film. This 
sub-bandgap absorption is likely due to the available method of deposition, which 
results in amorphous material with many absorbing band-tail states. Atomic layer 
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deposition or chemical vapor deposition may be better methods to create higher 
quality ZnS films, but these avenues were not immediately available. Alternative 
dielectric overlayers with refractive index close to GaN include Ti02 and H JO , and 
higher quality, stochiometric films could be fabricated via oxygen-assisted e-beam 
evaporation in a rather straightforward manner. 
For now, preliminary experiments with a polymer overlayer (PMMA, 1.49 refrac-
tive index at 500 nm) suggest that even a small increase in the overlayer refractive 
index can increase the mode overlap with the QW region and thus the overall inten-
sity of the out-coupled emission. Since the addition of a dielectric overlayer changes 
the effective index of the guided SPP modes, and the resulting scattering angles, it 
should also be possible to electrically control such angles by employing an electro-
optic polymer or dielectric. The utilization of an electro-optic polymer as an SPP 
modulator has been explored in the past (Jung et al., 1995), but this would be a 
novel application. An LED could then be constructed whereby the far-field intensity 
distribution could be controlled in real-time, with applications for private indoor data 
communication, or high-speed spotlighting functionality. 
The preceding results demonstrate the benefits of nano-scale control over light-
matter interactions that metal films and NPs can provide. It has been demonstrated 
that these structures are suitable for light-emission-efficiency enhancement of low-to-
moderate efficiency solid state light emitters. We have also shown that plasmonic 
excitations can be employed to create devices with novel functionality such as off-
axis unidirectional beaming. Despite these promising results, the issue of metal loss 
continues to place fundamental limits on emission efficiency enhancement at optical 
frequencies. Because of this issue, continued fruitful research in the field likely resides 
in the exploration of plasmonics as an enabler of novel device capabilities. 
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